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General introduction
For the majority of couples willing to conceive, getting pregnant occurs naturally. 
However, for some couples another scenario comes up: Worldwide the prevalence of 
infertility is estimated at around 9%, affecting millions of people 1. Nowadays, many of 
those couples seek help in a fertility clinic. In the Netherlands, per year about 10.000 IVF 
cycles are performed with a success rate of about 40-50% after 3 attempts (www.NVOG.
nl). Data from the 2006 national register indicate that in the Dutch population 1 in 40 
children is born after fertility treatment involving in vitro techniques 2. In approximately 
50% of these cases a male factor is the underlying cause of the infertility 3. Furthermore, 
of couples attending a fertility clinic, 4% of male partners is azoospermic, which means 
that spermatozoa are absent in the ejaculate 3. Another 8% of men attending the clinic 
have a sperm concentration below 5x106 ml-1 3. The treatment of male infertility has 
gone through major developments the last two decades; the introduction of intracyto-
plasmic sperm injection (ICSI) worldwide in 1992 and in the Netherlands in 1994 
changed the course of the treatment for those males with poor semen samples. 
 How about the azoospermic men, can they be treated as well? For azoospermia 
two aetiologies are known: obstructive azoospermia (OA) and non-obstructive 
azoospermia (NOA) 4,5. In OA men, spermatozoa are present in the epididymis. In about 
50% of NOA men spermatozoa still can be found in the testis (6,7, and confirmed by our 
own results). For OA, spermatozoa can be surgically retrieved via percutaneous sperm 
aspiration (PESA) or microsurgical sperm aspiration (MESA), mainly from the caput 
epididymis; for NOA, sperm can be isolated from a testicular biopsy (TESE). For all cases 
of azoospermia, fertilization is initiated by ICSI. 
 In the Dutch society, the use of non ejaculated sperm for human reproduction led 
to many questions and uncertainties about the offspring’s health and possible increase 
of genetic risks in these children. Hence, in 1996 a moratorium was set up by the Dutch 
Association of Obstetrics and Gynaecology (NVOG) and the Association of Clinical 
Embryologists (KLEM) banning ICSI with surgically retrieved spermatozoa as there were 
biological uncertainties about the quality of the gametes. In the mean time, all over the 
world non-ejaculated sperm were successfully used for ICSI. Consequently, many Dutch 
couples went abroad to fulfil their child wish (fertility tourism). The first international 
follow up reports of children born from OA or NOA fathers, indicated that no elevated 
health risks (major congenital malformations) were found for OA-NOA children 
compared with ICSI-children conceived with ejaculated sperm 8. Therefore, after legal 
approval by the CCMO (Central Committee on Research involving Human subjects) in 
the year 2000, the Dutch professionals started again with ICSI using epididymal 
spermatozoa. Still under strict regulations only: fundamental research into the quality of 
spermatozoa had to be carried out next to follow-up examination of the children’s 
health status. At the Reproductive Medicine department of the UMCN, research into 
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were of proven fertility as they had children prior to vasectomy. By the standards of 
Johnsen 17 these men have a normal spermatogenesis. In the literature, vaso-vasostomy 
testis material is often used to represent normal spermatogenesis 18-22. However, the 
time passed since the obstruction was made likely influences spermatogenic quality 23. 
Also, non-cellular histological characteristics as excessive hyalinization of the tubular 
basal lamina should be taken into consideration as this may point at a Sertoli cell 
problem that likely affects the whole spermatogenic process (for an integrated view on 
intercellular contacts in the testis with a central role for the Sertoli cell, see 24,25).
 In NOA patients, no obstruction is indicated and it is concluded that spermatozoa 
are absent in the ejaculate due to a quantitatively and/or qualitatively disturbed sperma-
togenesis. The known causes of this type of male infertility are divided between 
congenital and acquired conditions 3. Known causes of congenital abnormal spermato-
genesis, apart from hypogonadotrophic hypogonadism, are chromosomal disorders 
(chromosome rearrangements, Klinefelter syndrome, Y-chromosome deletions). Recently, a 
genome wide association study identified three risk loci (SNPs nearby genes) in Chinese 
NOA patients 26. Indications for a familial effect have been found 27,28. An example of an 
acquired condition is the negative effect of chemotherapy in reproduction (for a more 
comprehensive presentation, see 3,29. However, in most cases the cause is unknown.
 NOA is the most severe type of male infertility but also here several degrees are 
described. In the case of Sertoli cell only (SCO) syndrome spermatogonial stem cells are 
absent (germinal cell aplasia 30. If spermatogonia are present, development towards 
spermatozoa can cease at some point, leading to an accumulation at that certain stage. 
Often the arrest is at first meiotic prophase. This phenotype is called maturation arrest 
(described in 30). In the remaining cases of NOA (up to 50 % in the series reported as 
described above) sperm is present in variable numbers due to a mixture of tubuli with 
Sertoli cells only and tubuli with active spermatogenesis, called focal spermatogenesis 
30,31. To complicate matters further, by histological parameters foci of spermatogenesis 
can be characterised as hypospermatogenic, which denotes a reduced capacity of the 
production of sperm by the spermatogonia 30. The efficiency, number and distribution 
of these ‘active foci’ determine the chance of finding spermatozoa in a testis biopsy. 
 How normal is this focal (hypo)spermatogenesis? To gain some insight in the 
severity of the azoospermia, of every processed TESE biopsy, pachytene spermatocytes, 
testicular spermatozoa (including very late phase elongated spermatids), and Sertoli 
cells were counted at our fertility lab. The ratio between pachytene spermatocytes and 
sperm cells indicates the efficiency of the production of sperm per meiotic cell. The 
number of sperm per 100 Sertoli cells indicates the spermatogenic activity of the tissue 
sampled. In figure 1 these ratios are plotted, every dot representing a patient. Based on 
these ratios we can clearly appreciate the variation between males and describe the 
degree of spermatogenic activity. Control males (failed vaso-vasostomy, indicated by 
the green and yellow dots) have a low pachytene to sperm ratio and have high numbers 
epididymal sperm quality has been described in the thesis of Liliana Ramos 123. Higher 
levels of sperm DNA damage and chromatin condensation defects were described for 
these spermatozoa 9. Follow up research of the children born from epididymal sperm in 
the Netherlands has been described in the thesis of Gwendolyn Woldringh 124. No 
differences in stillbirths and congenital malformations were found between PESA-ICSI 
children and IVF or ICSI children conceived with ejaculated spermatozoa. Follow up studies 
of these children at the age of four also showed normal development (performing 
better than average among Dutch children) 10. A few years after reintroduction of 
PESA-ICSI, the reassuring results of the health examinations of children born from 
testicular retrieved spermatozoa 11 led to legalization of this treatment (TESE-ICSI) in 
2007, again under strict study protocols (CCMO). In a recent meta-analysis published by 
Woldringh et al., no differences in the incidence of karyotype abnormalities and 
congenital malformations were described for TESE-ICSI children compared to ICSI 
children with ejaculated sperm 12. However, definite conclusions about the offspring’s 
health could not be drawn because of small study groups 12. When comparing ICSI 
children to naturally conceived children, a decrease in birth weight, an increase in 
congenital malformations and an increase in chromosome abnormalities were observed 
13-15. Additionally, in a pilot study using a first generation genomic DNA array to establish 
de novo copy number variation, an increased incidence of copy number loss was found 
in a small series of PESA-ICSI and ICSI children from severe oligo-astheno-teratozoo-
spermia (OAT) and PESA fathers 16.
 The use of testicular gametes for human reproduction demands follow up studies 
of the children and the males’ health as mentioned above. Furthermore, fundamental 
research into the gametogenic process in (N)OA probands with sperm in the testis was 
requested in order to gain more insight into human spermatogenesis, with special 
reference to the quality of spermatogenesis in the TESE patient population. The latter 
research project is described in this thesis.
TESE in the azoospermic male
In this section the group of infertile men eligible for TESE will be described in more 
detail. As mentioned above, the absence of spermatozoa in the ejaculate is called 
azoospermia, a condition with two aetiologies: OA (30-40%) and NOA (60-70%) 4,5. In the 
case of OA the differentiation from spermatogonial stem cells into spermatozoa during 
spermatogenesis, is assumed to occur normally. The absence of spermatozoa in the 
ejaculate is often due to an obstruction in the more distal parts of the epididymis or in 
the vas deferens. As described above, the eligible method for sperm retrieval in these 
men is PESA. When PESA fails in finding sperm, a TESE biopsy is indicated. A persistent 
obstruction due to a failed reversal operation after sterilisation (failed vaso-vasostomy) 
is one of the most common causes for OA. In the research described in the next chapters 
we used TESE biopsies from failed vaso-vasostomy males as control material. These men 
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of spermatozoa per 100 Sertoli cells. Similar scores were found among NOA men as well. 
A large group of NOA males have a pachytene to sperm ratio comparable to control 
men but with a lower epithelial efficiency (less sperm per 100 Sertoli cells). This indicates 
focal but normal spermatogenesis. Silber and co-workers 32 described the existence of a 
threshold for the number of spermatozoa to be produced to reach the ejaculate. This 
might explain the azoospermia, despite focal normal spermatogenic activity. The cell 
count ratios in figure 1 led to the identification of a population of NOA males with low 
numbers of sperm per 100 Sertoli cells and higher pachytene to sperm ratios (partial 
maturation arrest). The latter ratio indicates loss of cells, probably due to spermatogenic 
problems. Although not strictly comparable with histological studies, our data are in 
line with those published using histological sections 23,33,34. 
Box   The human testis, spermatogenesis and the stages of the cycle of the 
seminiferous epithelium
Figure 2 shows the anatomy of the human testis and epididymis. The testis is build as 
an assembly of tubules, which are embedded in interstitial tissue containing among 
others the testosterone producing Leydig cells. Within the tubuli, the Sertoli cells line 
the basal lamina as does the seminiferous epithelium containing the spermatogonial 
stem cells. 
The phases of human spermatogenesis
Spermatogenesis starts at the tubular basal lamina and broadly speaking, the more 
advanced the cells, the more they move towards the lumen (Figure 3), to be eventually 
released by disconnecting from the nursing Sertoli cells. At the basal membrane, in the 
adluminal compartment of the seminiferous tubules, sperma togonial stem cells are 
Figure 1  Distribution of testicular cell ratios of TESE men
On the X axis the number of spermatozoa (sperm) per 100 Sertoli cells (SC) is plotted and on the Y axis the 
pachytene to sperm ratio is represented. Every dot indicates a TESE man (only men with sperm present in the 
testis are included in this graph). Control men are indicated by a green or yellow dot, green not (yet) pregnant, 
yellow pregnant. Blue dots indicate successful TESE-ICSI leading to a pregnancy (contrary to black dots). Red dots 
indicate abortion. TESE men used in this thesis are encircled or indicated by an arrow. For description see text.
Figure 2  Testicular and epididymal anatomy
See text for explanation. Figure used with permission from 129.
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elongating spermatids and eventually into mature elongated spermatids. This haploid 
phase of spermatogenesis is called spermiogenesis (Figure 4). The mature spermatids 
or spermatozoa are released from the Sertoli cells, a process called spermiation and 
move via the lumen and rete testis to the caput epididymis. In the epididymis 
spermatozoa reside a while, varying from 1-12 days depending on the daily sperm 
production and likely sexual behaviour 35,36. In that time, the spermatozoa become fully 
mature (reviewed in 37).  
located. In human several types are known: A dark, A pale progenitor and A pale 
committed spermatogonia (reviewed by 35). Committed A pale spermatogonia initiate 
the mitotic phase of spermatogenesis and give rise to the B spermatogonia that after a 
mitotic division differentiate towards primary spermatocytes which enter meiosis 35. 
The exact behaviour of A pale spermatogonia in the maintenance of the stem cell 
compartment is still a matter of debate (see in 35). Before embarking upon meiosis, 
primary spermatocytes go through a short resting phase and replicate their DNA for 
the last time. In this phase and the first meiotic phase i.e. leptotene, they traverse the 
blood testis barrier to, at the zygotene stage, reach the luminal compartment of the 
tubule 25. After the first meiotic division two haploid secondary spermatocytes are 
formed. The second meiotic division produces two haploid round spermatids out of 
every secondary spermatocyte. Round spermatids gradually metamorphose towards 
Figure 3  The cycle of spermatogenesis
See text for explanation. Figure used with permission from 35.
Figure 4  Human spermatid metamorphosis
See text for explanation. The figure (fig 1 pg 3 from 119 ) is used with kind permission from Springer Science 
and Business Media.
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with a patient directed approach. Based on existing human knowledge combined with 
mouse insight, three promising relevant aspects of spermatogenesis were selected, to 
gain a better understanding of key steps of human spermatogenesis. 
I) We have studied crossing-over in relation to DNA damage. In the human reproduction 
literature, there are indications that among sterile men, the number of crossing-over 
sites can be reduced. Is this reduction due to inappropriate resolution of meiotic 
DNA breaks?
II) We studied meiotic sex chromosome inactivation (MSCI) in the human. In the 
mouse, and all other studied mammals to date, the X and Y chromosome synapse 
only in the pseudoautosomal regions, and the presence of asynapsed chromosomal 
arms is associated with transcriptional silencing by a specialized mechanism named 
MSCI. However, when MSCI is not properly induced and/or maintained it influences 
sperm yield and morphology in a negative way. Within and among human males, 
sperm shows variation in morphology and numbers. Is there a relation with MSCI?
III) We have studied the initiation of chromatin remodeling in round spermatids, 
knowing that among infertile men, reduced protein levels of the specific DNA 
compacting sperm protamines are often found. 
Below I will shortly introduce these topics. 
I Homologous recombination
Homologous recombination (HR), random chromosome segregation and mutation 
induction are the processes that ensure genetic diversity within and between germ 
cells. HR is thereby elemental for the correct segregation of homologs and the sex 
chromosomes 42. HR takes place between the homologous chromosomes during first 
meiotic prophase. Just before meiotic prophase at pre-leptotene, the 46 chromosomes 
(being duplicated at this stage 43) lie dispersed throughout the nucleus. To prevent 
deletions, duplications or translocations (generally caused by non allelic homologous 
recombination (NAHR, 44) it is important that exchange takes places between 
homologous chromosome stretches of sufficient length (containing the same genetic 
information). Therefore, homologous chromosomes become closely aligned over their 
whole length being connected by a temporal structure resembling a zipper, a process 
called synapsis. The zipper structure is called the synaptonemal complex (SC). The SC 
forms gradually during the first prophase I stages (figure 5). At leptotene, short segments 
of a proteinaceous core, the axial element, are formed. At early zygotene and preferably 
at the telomeric ends, synapsing homologous axial elements illustrate the search for 
homology. This is helped by the bouquet stage of chromosomes at early prophase. The 
bouquet stage is the localization of all telomeres at one preferred nuclear pole, 
resembling a bouquet in spread meiotic nuclei 45. During zygotene progression, the 
axial elements continue to zip up. At the pachytene stage, all homologous chromosomes 
are fully synapsed and the SCs are fully formed.
Primary aim of this thesis 
From the sections above, it can be concluded that there still are uncertainties about the 
safety of the use of testicular spermatozoa for procreation. Follow-up studies into the 
children’s health status have been performed but contain only small groups, providing 
no definite answer yet. If present, genomic abnormalities in these children likely are 
derived from the father, transmitted directly via his germ cells or indirectly, resulting 
from paternal chromatin during the early embryonic cleavage stages. An important 
question to ask is: what is the quality of testicularly derived spermatozoa? To be able to 
answer this question one should have insight into the quality of spermatogenesis in 
TESE men, the prime aim of this thesis. The genetic material largely defines the 
offspring’s health and its integrity is a (the) reason of concern. As the genetic material 
functions in the context of chromatin we focused on the chromatin characteristics and 
genetic processes up to the early elongating spermatid stage. 
 In the mouse we have seen a growing insight into the key steps of spermatogenesis 
(helped by the development of genetic models with mutant phenotypes). However, 
cytological knowledge of spermatogenesis in the human is still relatively basic. Next to 
investigations on spermatogenesis in TESE men, we need to enlarge our knowledge on 
spermatogenesis in the human in general. We used fluorescence microscopy combined 
The cycle of the seminiferous epithelium
Spermatogenic cells derived from one differentiating stem cell develop in cellular 
associations (reviewed in 35, held together by intercellular bridges and their contacts 
with the Sertoli cells 25,38). In this way, descending germ cell generations are synchronised 
during progression of spermatogenesis. Six cellular associations have been distinguished 39 
that are indicated by Roman numbers and are also called the six stages of human sperma-
togenesis (figure 3). In a cellular association, always several fixed types of germ cells are 
present that in their development are separated by the length of the cycle of the 
seminiferous epithelium or a multiple of this period. One cycle of passing all six stages 
locally takes 16 days in the human. For a stem cell (committed A pale) it takes 4.6 cycle, 
or 74 days to be released as a spermatozoon 35,40. Because of the limited number of 
mitotic divisions in the human, the number of cells in a cellular association is quite small 
and usually more than one stage is present in each histological tubular cross section (in 
striking contrast to other species). This hinders a systematic and quantitative evaluation 
of human spermatogenesis. The use of cell stage specific markers may offer a solution 41. 
Spermatid development fits in the cycle of the seminiferous epithelium (i.e. the stages) 
and based on nuclear morphology, 6 steps (Sa-Sb1-Sb2-Sc-Sd1-Sd2, see figure 3, 4) 
were identified in the human.  
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 Before the homologous chromosomes align and connect, they first have to 
recognize each other i.e. they have to search for homology. This occurs through the 
formation of DNA double strand breaks (DSBs) (figure 5). These DSBs serve two 
intermingled processes: (1) promoting the homology search necessary for formation of 
the SC and (2) promoting the repair reaction with a non-sister chromatid resulting into 
recombination. Only a subset of the breaks will lead to crossing-over. Breaks are made 
by the endonuclease topoisomerase II family member SPO11. At the early zygotene 
stage, numbers based on RAD51 foci are estimated at 100-150 in the human 20,21 and 
250-300 in the mouse 46,47. At the break site, a 3’ single strand DNA overhang is created 
through 5’ end resection of one of the DNA strands by among others the MRN complex 
and the overhang is first coated by RPA and then by RAD51/DMC1 48. These overhangs 
are involved in the homology search as they invade the homologous non-sister 
chromatid DNA, an activity of the RecA recombinase paralogs RAD51 and meiosis 
specific DMC1, assisted by RAD51C and BRCA1/2 (reviewed in 48). Breaks can be repaired 
by two routes, one leading to a non cross-over and the other leading to a cross-over. In 
the case of a cross-over (CO), a double Holliday Junction is assumed to be formed 49, 
which is marked by the mismatch repair protein MLH1 50. In the case of a non cross-over 
(NCO), the break is repaired via synthesis-dependent strand annealing (SDSA), resulting 
in gene-conversion (yeast 51). In mice most DSBs (90-95%) are repaired via the NCO 
pathway and only 5-10% give rise to a cross-over (reviewed in 48). 
 Proteins involved in homologous recombination repair can be visualized by 
immunofluorescence (IF) staining and are known to form foci at the (developing) SC. 
These foci are called recombination nodules. Depending on the subset of proteins 
present they are denoted as early (RAD51), transitional (RPA) or late (MLH1) recombination 
nodules 52. Late MLH1 marked recombination nodules present at pachytene indicate 
crossing-over to be in the final stage. In the human there is variation between and 
within males as to the average number of MLH1 foci (42 – 55) 19,53. However, for correct 
segregation the presence of at least one MLH1 focus per homologous chromosome 
pair is required. After pachytene, a very short diplotene stage follows in which the SC is 
broken down. When prepared and observed appropriately, a crossing-over can be 
visualized as a chiasma in the contracted metaphase bivalents. Chiasmata are necessary 
for the correct segregation of homologous chromosomes as indicated above. 
 As has been reviewed by Lichten, induction of DNA DSBs does not occur at random 
as certain regions on the genome have been defined as recombination hotspots (for CO 
and NCO events) 54. In the mouse these hotspots show a slight enrichment in nucleosome 
occupancy indicating interaction between the chromatin and DSB forming proteins 
(SPO11) 54. Thereby it was shown that 94% of the hotspots show enrichment of H3K4me3, 
which does not mean that hotspots are generally localized at active promoters (also 
enriched for H3K4me3) 54. The histone methyl transferase PRDM9 was identified to 
methylate H3K4 at hotspots: The zinc-finger DNA binding domain of PRDM9 recognizes Fi
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apoptosis as became clear in the mouse after the knock-down of several synapsis and 
recombination involved genes, for reviews see 42,48. In these mouse models, the X and Y 
chromosome do not synapse. Spermatocyte death after interrupted recombination is 
systematic as the cells are observed to synchronously enter apoptosis at the mid to late 
pachytene transition at the stages IV/V of the cycle 67. This synchronous phase of 
apoptosis reminds of a cell cycle checkpoint i.e. the pachytene checkpoint 68 and will 
explain cases of meiotic arrest in the human. 
 As described above, numerous DNA DSBs are induced at the leptotene stage. 
Consequently, in the mouse an overall nuclear γH2AX signal is observed. Upon 
progression of synapsis, breaks become more and more engaged in repair structures 
which is visualized by disappearance of γH2AX signals. In mouse pachytene, autosomal 
γH2AX signals were initially described to be absent 69. However, Chicheportice and 
co-workers noted the presence of γH2AX L(arge)-foci, using a monoclonal antibody 70. 
These signals emerge from the SC following the loop domains. About 1.6 L-focus per 
late pachytene spermatocyte was found in the mouse 70, which were not associated 
with the cross-over marker MLH1. A range of mouse models knock-out for genes directly 
or indirectly involved in processing of meiotic DNA DSBs, shows numerous γH2AX L-foci 
(Rad54/Rad54B 71, Blm 72, Btbd12 73, Mus81 74 Ercc1, and p53 75). This indicates that there is a 
relation between disturbed processing of recombination intermediates and the 
incidence of γH2AX L-foci. 
 The above described difficulties provide several starting points for investigation of 
the crossing-over process in human NOA-probands.
II. Meiotic sex chromosome inactivation
Meiotic sex chromosome inactivation (MSCI) is a germ cell specific epigenetic silencing 
process taking place during pachytene, when a specific chromatin domain, the XY 
body, is formed (for a recent guide see 76). 
 During prophase I the human X and Y chromosomes homologously synapse, at 
one or two pseudo autosomal regions (PARs), leaving the largest part of the two 
chromosomes unsynapsed. For the breaks that result into crossing-over between the 
sex chromosomes in the pseudo autosomal (homologous) region, the mouse utilises a 
late acting SPO11 orthologue 77. As described above, persistent DNA DSBs lead to 
apoptosis. So, how do the sex chromosomes accommodate DNA DSB repair in the 
absence of homology and how do they prevent apoptosis? Chromatin aspects of the XY 
body likely do play a role here. XY non-synapsis is detected by BRCA1 which attracts ATR 
to the X,Y chromosomes. ATR is a member of the PI3-like kinase family and thought to 
be involved in phosphorylation of H2AX at serine 139 78. Recently, in the mouse 
HORMAD2 was suggested to play a role in the recruitment of among others BRCA1 and 
ATR to the unsynapsed axial elements of the sex chromosomes 79. Many DNA repair and 
chromatin remodelling proteins are attracted to the XY body, likely resulting from H2AX 
a specific sequence that was found to be enriched in recombination hotspots. It is 
possible that PRDM9 recognizes the hotspot, modifies the chromatin and recruits SPO11 
54. However, the real situation might be not so easy as DSB are formed in the absence of 
PRDM9 as well. Although it is not yet known if their numbers and localization differ from 
the wild-type situation, it is known that these mice have difficulties repairing the DSBs 
as concluded from the compromised progression of synapsis (Hayashi et al in 54). Also 
the H3K4 methylation activity of PRDM9 alone is not enough to determine a break 
because at DSB hotspots H3K4 is less methylated than in promoter regions 54. 
Problems during recombination
A number of studies have been performed determining the number of MLH1 marked 
late recombination nodules in ‘normal’ males compared to infertile males. Intra- and 
inter-individual variation in number is high in both groups and for some infertile men 
numbers are significantly lower 55,56. An obvious difference between human and mouse 
is the much lower intra- and inter-individual variation in the number of MLH1 foci in the 
latter species. Small differences are known between the various mouse strains 57,125. This 
could be one reason for the fact that generally, meiotic non disjunction is higher in the 
human male germline than in the mouse male germline. In the human, meiotic non 
disjunction increases when the sperm production decreases 58,59. Absence of 
crossing-over at homologous chromosome pairs, the precocious resolution of a chiasma 
by disappearance of terminal cohesin complexes and the precocious separation of 
sister centromeres (for review see 60,61) can lead to aberrant chromosome numbers 
(aneuploidy). As known for a very long time, this situation is found more often in women 
above 35 in an age related manner 62. In the human, no difference was found in the 
number of MLH1 foci between young and old men 19. Asynapsis influences the number 
of MLH1 foci directly, on the asynaptic chromosome itself, but also affects other 
homologous chromosome pairs 63. This has been found for asynapsis on chromosome 
9 which affects the number of MLH1 foci on chromosome 5, 10, 11 and 16. Generally, 
asynapsis is more often detected in infertile men 63,64. Synapsis is achieved last around 
the centromeric regions of especially bivalents with large heterochromatic blocks 65,126. 
These regions contain satellite DNA repeat areas building peri-centromeric heterochro-
matin for which it is more difficult to initiate alignment of homologous chromosomes, 
likely due to the paucity of DNA DSBs in denser chromatin 54. SPO11 induced DNA DSBs 
in tandem and non-tandem (non-allelic) repeats can provoke deletions/duplications 
44,66. If improper alignment takes place, the repeat region will be enlarged in one 
chromatid and shortened in the other, which will be transmitted to the offspring. 
Homology search problems might be present in NOA men displaying an accumulation 
of zygotene spermatocytes showing many asynaptic, but fully formed, axial elements 
18,64. This indicates synapsis to be a difficult phase in meiosis. If genome wide DNA breaks 
are not properly processed and/or the SCs do not properly form, this generally leads to 
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because sub-fertile men of the so-called OAT syndrome are characterized by even 
higher variation for the described parameters. 
III. Chromatin remodelling and head shaping during spermiogenesis
During the last phase of spermatogenesis, spermiogenesis, haploid round spermatids 
gradually metamorphose towards spermatozoa with a highly condensed and elongated 
nucleus and almost devoid of cytoplasm. To achieve a highly compacted nucleus, 
functional among other reasons to protect the genetic material prior to fertilization, the 
chromatin is extensively remodelled. The prevailing DNA packaging structure, based on 
nucleosomes, is largely replaced by testis specific arginine and cysteine rich protamines 
in a two step process. Before nucleosome eviction starts, the nucleus prepares by 
opening up the chromatin, using incorporation of testis specific histones and addition 
of PTMs (ubiquitination, acetylation). Then, nucleosomes are evicted and replaced by 
transition proteins. Subsequently, the transition proteins are replaced by protamines 
(reviewed by 101,102). For the eviction of nucleosomes, DNA super coiling has to be 
released, which occurs by induction of DNA strand breaks involving TopoIIβ in the 
mouse 103-105. Not all nucleosomes are replaced by protamines, in the human about 85% 
is replaced 106,107 and in the mouse about 99%. Three independent groups have found 
that histone retention does not occur at random but involves promoters of specific 
genes 107-109. Moreover, these are either marked by H3K27- or H3K4-methylation marks 128. 
The H3K27 marked genes are thought to have a function in transmittance of epigenetic 
messages to the zygote that might influence embryo development 128. In the mouse, 
histone retention is also obvious for the sperm chromocentre which is clearly marked by 
H4K8ac and H4K12ac. These acetylation marks are found in the prepronucleus male 
chromatin of the zygote as well 110. 
 Nuclear condensation is assumed to be supported by forces generated by 
cytoplasmic components such as the perinuclear theca (PNT), a cytoskeletal electron 
dense layer surrounding almost the complete nucleus except for the tail implant region 
111; the manchette, a temporarily microtubule network located alongside the caudal half 
of the nucleus and attached to the perinuclear ring 112; and the acrosome, a Golgi derived 
sac-like structure attached to the nucleus around the apical site 113. It contains hydrolytic 
enzymes involved in degrading the oocytes zona pellucida, necessary for fertilization 
113. The PNT is divided in two layers based on protein composition and location. The 
sub-acrosomal layer (SAL) is located just below the acrosome and the post-acrosomal 
sheet (PAS) surrounds the basal half of the nucleus 111.
 Another important feature of spermatogenesis and notably spermiogenesis, is the 
formation of tight connections between Sertoli cells and germ cells. The seminiferous 
epithelium is divided in a basal and adluminal compartment that are separated by the 
blood testis barrier (BTB) (recently reviewed by 38). At the basal compartment 
spermatogonia and spermatocytes up to the pre-leptotene spermatocyte stage are 
phosphorylation 80,81. This leads to major dynamics at the XY body chromatin, including 
a change in the histone posttranslational modification (PTM) pattern due to 
incorporation of histone variants among which H3.3 82,83. This also results in a chromatin 
configuration supporting the inactivation of genes at the XY chromosomes. Moreover, 
MSCI is partially maintained at the haploid stages and is then called PSCR (post meiotic 
sex chromosome repression) 84-86. On the one hand major repair processes have to take 
place at the XY body needing active chromatin processing. While on the other hand the 
chromatin is repressed and in the human condensed, reflecting opposite goals. These 
controversies indicate that especially in the human, still only little is known about the 
behaviour of the XY chromosomes during meiosis. 
Problems during MSCI, could variation at MSCI influence sperm quality? 
Data about human MSCI are scarce and opposite outcomes have been described 
regarding the activity of the human XY genes from meiosis on. In the older literature on 
a qualitative basis, inactivation of the human XY body was shown 87,88, but recently in a 
comparison of chip based testis RNA expression profiles between human and 
chimpanzee, MSCI could not be detected for human XY genes (contrary to the 
chimpanzee, 89). In normal mice, incomplete MSCI was never observed by RNA chip 
analysis 85,90-92. However, in the mouse there is evidence for disturbed MSCI when the sex 
body includes an asynapsed autosomal small translocation chromosome or alternatively, 
when an asynaptic segment joins the XY chromatin. In both cases a strong reduction of 
round spermatid numbers after the meiotic divisions is observed 93 concomitant with 
sperm shape abnormalities 93,127. Spermatocytes die particularly at first meiotic 
metaphase 94. Similar phenotypes are observed when the mouse carries Y chromosome 
deletions 95, or is knock out for the histone ubiquitin conjugating (E2) enzyme HR6B 92,96. 
Germ cell death is supposed to be induced by disturbed MSCI leading to aberrant 
expression of XY genes which negatively influences further development 90,91,95,97,98. It 
has been demonstrated that in a situation of normal autosomal synapsis and XY body 
formation, ectopic expression of the mouse Zfy1 or 2 genes specifically induce activation 
of the pachytene checkpoint 99 whereas activity of Zfy2 induces systematic removal of 
spermatocytes with an unsynapsed X chromosome at metaphase I 100. It has yet to be 
determined whether there are X chromosome specific genes involved in inducing the 
checkpoint too. Certainly a disruption of X chromosome gene regulation during sper-
matogenesis is involved in germ cell death as also is observed in sterile F1 mouse 
hybrids 98. 
 If in the human MSCI is not fully complete/would not occur 89 the pachytene 
checkpoint does not eliminate the X,Y gene expressing spermatocytes, as spermatozoa 
are present. Characteristic for human semen samples, even in fertile men, is the high 
variability regarding number, motility and morphology of sperm. We speculate that 
there might be a relation between reduced MSCI and lower sperm quality, especially 
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underlying chromatin, which becomes more electron dense 118-120. Could the absence of 
this membrane change lead to chromatin remodelling absence and could remodelling 
be influenced by the apical ES? A few hints in this direction are provided by a syndrome 
called globozoospermia. Spermatozoa from these men are acrosome-less and sperm 
heads are round shaped. Abnormal chromatin condensation and higher percentages of 
DNA fragmentation have been described in these men 121. Incomplete chromatin 
remodelling, leading to lower protamine levels has been reported for some men but is 
not affected in all globozoospermic males 122.
 Chromatin remodelling during spermiogenesis in an important process as it 
determines the chromatin configuration in the eventual germ cells. Therefore research 
providing more insight into this matter is of high importance.
Thesis outline 
Research to gain more insight into the key aspects of human spermatogenesis 
introduced above, will be described in this thesis. In chapter 2 we investigated meiotic 
sex chromosome inactivation (MSCI) in the human. We subjected NOA patients and 
control men to a detailed characterization of this key meiotic process. In chapter 3 
meiotic homologous recombination was studied in NOA patients and control men. In 
chapter 4 we describe research into chromatin remodelling during human spermio-
genesis over a set of probands. We specifically studied the initiation phase of chromatin 
remodelling in chapter 5, comparing NOA patients with control men. This patient 
directed approach enables characterization of the spermatogenic process in NOA 
males. Overall, comparing NOA males with control males may lead to the identification 
of eventual problematic steps in human spermatogenesis. Additionally, we get a better 
understanding of the normal spermatogenic process including its variation. With the 
knowledge provided by the research described in this thesis we will get a step further 
in determining the quality of spermatogenesis in NOA males. Moreover, this will shed 
some light on the risk of the use of testicular gametes for procreation. In the last chapter, 
chapter 6, we discuss our main findings. 
present. Then cells pass the BTB to the luminal compartment and if not held tightly by 
the Sertoli cells, immature germ cells could easily end up in the tubular lumen. This 
normally only occasionally occurs but is more frequent in sub-fertile men, and is called 
immature germ cell sloughing 30. Up to step 8 of mouse spermiogenesis, connections 
between Sertoli and germ cells are mainly formed by desmosome-like adhesion 
molecules 38. From step 8 on, desmosomes disappear and the connection is made by a 
structure called apical ectoplasmic specialization (ES) 38. Proteins described to form the 
apical ES are cadherin-catenin, nectin-afadin, JAM-Par/CAR multi-protein complexes 
and α6β1 integrin-laminin α3β3γ3 (reviewed in 38). In the mouse, the change from a 
desmosome-like to the apical ES interaction coincides with association of the apical 
(acrosome) region of the nucleus to the cell membrane and the start of nuclear 
elongation (i.e. step 8 of mouse spermiogenesis) 38. The spermatid now also shows 
polarity relative to the tubular wall with the nucleus and acrosome pointing apically 
towards the adluminal compartment and the tail side pointing caudally towards the 
centre. At the apical ES the Sertoli cell lies close to the nucleus, separated by several 
membranes and thin cytoplasmic layers (cellular, acrosomal, nuclear and SAL-PNT (sub 
acrosomal-PNT)) only. 
Problems during chromatin remodelling
Not much is known about the actual chromatin remodelling process in human 
spermatids. Most research has been performed on the chromatin status of ejaculated 
spermatozoa. Spermatozoa of normospermic and OAT males have been studied for 
their degree of protamination. Variation regarding protamination is much larger in the 
OAT males 102,114-116. In the latter group more spermatozoa with a less mature chromatin 
state were found 114,115. This indicates that sub-fertility and chromatin compaction/
configuration are related. It is of interest to know where the variation in chromatin 
maturity and compaction originates. As described above, remaining histones are known 
to carry specific histone PTM patterns that could be transmitted as epigenetic messages 
to the zygote 107,128. A relevant question is if more histone retention in spermatozoa leads 
to transmittance of more epigenetic messages to the zygote. If so, do these messages 
directly influence embryogenesis or could they affect gene expression later on, even in 
adult individuals? Most important is if these messages could negatively affect 
embryogenesis and/or human health 117,128. 
 Another point is that for nucleosome eviction and subsequent release of 
supercoiling DNA strand breaks are made as described above. Could it be that if 
chromatin remodelling does not occur optimally, which might be the case in the above 
described OAT males, repair of these breaks occurs sub-optimally as well? This would 
then lead to persistent breaks that could be transmitted to the zygote. 
 By electron microscopy, it has been observed in both mouse and man that proper 
acrosome and SAL-PNT formation induce a change at the nuclear membrane and 
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Abstract 
In mammalian male gametogenesis the sex chromosomes are distinctive in both gene 
activity and epigenetic strategy. At first meiotic prophase the heteromorphic X and Y 
chromosomes are placed in a separate chromatin domain called the XY body. In this 
process, X,Y chromatin becomes highly phosphorylated at S139 of H2AX leading to the 
repression of gonosomal genes, a process known as meiotic sex chromosome inactivation 
(MSCI), which has been studied best in mice. Post-meiotically this repression is largely 
maintained. Disturbance of MSCI in mice leads to harmful X,Y gene expression, eventuating 
in spermatocyte death and sperm heterogeneity. Sperm heterogeneity is a characteristic 
of the human male. For this reason we were interested in the efficiency of MSCI in human 
primary spermatocytes. 
 We investigated MSCI in pachytene spermatocytes of seven probands: four infertile 
men and three fertile controls, using direct and indirect in situ methods. A considerable 
degree of variation in the degree of MSCI was detected, both between and within 
probands. Moreover, in post-meiotic stages this variation was observed as well, 
indicating survival of spermatocytes with incompletely inactivated sex chromosomes. 
Furthermore, we investigated the presence of H3K9me3 posttranslational modifications 
on the X and Y chromatin. Contrary to constitutive centromeric heterochromatin, this 
heterochromatin marker did not specifically accumulate on the XY body, with the 
exception of the heterochromatic part of the Y chromosome. This may reflect the lower 
degree of MSCI in man compared to mouse. 
 These results point at relaxation of MSCI which can be explained by genetic changes 
in sex chromosome composition during evolution and candidates as a mechanism 
behind human sperm heterogeneity.
Introduction
During mammalian male meiosis, the heteromorphic sex chromosomes (X and Y) 
condense in a separate chromatin domain known as the XY or sex body (reviewed in 1). XY 
body formation starts at the zygotene to pachytene transition of prophase I 1 and 
persisting DNA double strand breaks (DSBs), made by SPO11 at the onset of meiosis, 
contribute to its formation 2. Autosomal chromosomes are able to repair these breaks by 
searching for their homolog, subsequently forming a so-called bivalent in which paternally 
and maternally derived chromatids are closely aligned, intermediated by the synaptonemal 
complex (SC). However, the X and Y chromosomes are largely heterologous and show 
homologous synapsis only at the small pseudoautosomal region (PAR). Non-synapsis of 
chromosomal axial elements is detected by BRCA1 which localises ATR, a member of the 
PI3-like kinase family, to the X,Y chromosomes, followed by phosphorylation of H2AX at 
serine 139 3. Hence, from its formation on, the XY body is positive for γH2AX 4. 
 Phosphorylation of H2AX initiates repression of genes on the sex chromosomes 5, a 
process called meiotic sex chromosome inactivation (MSCI). Transcriptional repression 
of the XY body was first identified by 3H-uridine incorporation 6,7, and further explored 
by (Cot-1) RNA FISH 8 and microarray analysis 5,9,10. MSCI possibly occurs to prevent 
activation of the pachytene checkpoint at stage IV/V of the seminiferous epithelium in 
the mouse 11,12. MSCI is supposed to be a general phenomenon among mammals 
(mouse, hamster 13) including the human 14,15, and insects 13 and is observed in bird 
species as well 16. A similar silencing process can take place at autosomal chromatin, 
referred to as meiotic silencing of unsynapsed chromatin (MSUC) and functions in the 
elimination of aberrant meiocytes bearing asynaptic autosomes 17. MSCI is thought to 
be an evolutionary derivation of the more general process of MSUC 8.
 Probably as a result of H2AX phosphorylation, many DNA repair proteins are 
attracted 18,19 and major changes take place at XY body chromatin, including histone 
posttranslational modifications (PTMs) and incorporation of histone variants 20,21. In a 
previous study, we have shown for mice that specifically at X,Y chromatin and starting in 
early pachytene, nucleosomes containing H3.1/3.2 are replaced by nucleosomes 
containing H3.3 22. Nucleosome eviction is complete at the end of mid pachytene (stage 
V) 22. Existing Histone 3 and 4 N-tail PTMs disappeared in this process and were only 
selectively placed back 22, allegedly to create a sex chromosome-specific chromatin 
composition that most likely has a function in MSCI and, by transmission over the 
meiotic divisions to round spermatids 22, in post-meiotic sex chromosome repression 
(PSCR 20) 9. Microarray analysis, followed by RT-PCR, demonstrated that 87% of X genes 
repressed during MSCI remain repressed in PMSC (post meiotic sex chromatin) 9. The 
fact that in the mouse MSCI and PSCR share several features, like the same repressive 
histone markers and the presence of H3.3 containing nucleosomes, indicates that PSCR 
is a downstream consequence of MSCI.
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 As a marker for MSCI we studied H3.1/3.2 nucleosome eviction. Variation was observed 
in the degree of nucleosome eviction in late pachytene spermatocytes. Complementary 
to nucleosome eviction and accompanying histone N-tail post translational modifications, 
we used Cot-1 RNA FISH and incorporation of the uridine analog 5-ethynyluridine into 
newly transcribed RNA as direct transcription markers. Our results point at both intra- 
and inter-proband heterogeneity in MSCI and at the absence of meiotic selection steps 
in the generation of round spermatids. In the discussion, we relate our observations to 
the roles of the sex chromosomes in spermatogenesis and to the influence of mating 
systems on sperm heterogeneity.
 
Results
Variation in H3.1/3.2 nucleosome eviction in XY bodies of human 
pachytene spermatocytes
We examined primary spermatogenic cell samples of 3 patients and 3 controls which were 
obtained from testicular biopsies (the controls were of proven fertility, see Materials and 
Methods; Table S1). To study nucleosome eviction in human XY bodies, we stained pachytene 
spermatocytes for histone isoforms H3.1/3.2 and SYCP3 (as a marker for the SC and X,Y axial 
elements). Staining patterns were recorded by immunofluorescence (IF) microscopy. A first 
sign of H3.1/H3.2 loss was observed at mid pachytene when the XY axial elements locally 
start to unravel (type III, 25,41 (Figure 1A). In late pachytene XY bodies (types IV and V 25,41), when 
the XY axial elements appeared as a tangled knot of fibrils and DAPI was most intense, a 
highly variable H3.1/3.2 signal remained (Figure 1B, Table 1). We categorized the signals in 
four classes based on increasing intensity and coverage (see Materials and Methods). A 
minority of nuclei with a complete loss of signal for H3.1/3.2 containing nucleosomes were 
found (Figure 1B, Table 1), indicating a high degree of H3.1/3.2 remodelling. Remarkably, in 
these nuclei the border of the XY body was not as sharply defined as in our mouse samples 
22. Also between individuals in the patient group and in the control group, variation in H3.1/
H3.2 staining was observed. When group data were pooled, no difference was observed 
between the degree of nucleosome eviction in controls versus patients (Table 1). The nuclear 
localization of the XY body was determined for all pachytene spermatocytes analyzed in 
Table 1 to investigate if there is a relation between nuclear localization and H3.1/3.2 
nucleosome eviction. Figure S1 shows that XY bodies of nuclei belonging to classes ‘low’ 
and ‘mid 1’ nucleosome eviction are less often localized at the border of the nucleus 
compared to XY bodies of nuclei with a higher degree of nucleosome eviction (classes ‘mid 
2’ and ‘high’). However, in every nucleosome eviction class, all possible XY body locations are 
represented. This indicates that our results are not a reflection of a technical artefact, such as 
overlaying autosomal chromatin that by DAPI and SYCP3 staining was judged to be rare: all 
chromatin domains are in one focal plane.  
 In the human XY body, features such as a condensed chromatin domain 23 and staining 
for γH2AX, BRCA1 24 and ATR 25, were shown to be present as well. Also an indication for 
H3.1/3.2 nucleosome eviction was obtained 22. Cytochemical tests (acridin-orange, 
methylgreen pyronin) 23 and autoradiography with 3H-uridine incorporation 14,15 show 
the absence of RNA in the human XY body thereby indicating MSCI to be present in 
the human. However, in a recent whole testis cDNA array analysis, MSCI could be 
demonstrated for the chimpanzee, but not for the human 26.
 In the mouse there are extensive data documenting the association of unsynapsed 
autosomal segments with the XY body at first meiotic prophase. In these chromosome 
mutants, prophase progression, the meiotic divisions, and spermiogenesis are affected, 
resulting in a reduction of the number of round spermatids and a deviant heterogeneous 
sperm population as to morphology and motility 10,27-29. A number of observations in 
these mutants suggest MSCI to be compromised by the MSUC that now takes place in 
association with MSCI (RNA autoradiography 30, gene specific RNA FISH 29, RNA chip 
analysis 10 and incomplete eviction of H3.1/H3.2 containing nucleosomes 22). These data 
indicate that in mouse proper MSCI is essential for the progression of pachytene, first 
meiotic prophase/metaphase and influences spermiogenesis. In mice with complete 
avoidance of MSCI, all spermatocytes are removed by the pachytene checkpoint at the 
mid to late pachytene transition 12. In human carriers of translocations a similar 
association of asynaptic autosomal chromosome segments to the XY body at pachytene 
is observed. In all cases, these men were infertile 24 (reviewed in 31).
 Additional support for the effect of disrupted XY expression on spermiogenesis in 
mouse comes from two sources: a) In the Hr6b knockout model which is characterised 
by poor spermatid elongation, hence male sterility, there is a general increase in 
post-meiotic transcription for X-linked genes 32,33. b) In a series of Y long arm deletions, 
from two third to complete, post-meiotic sex chromatin showed more deviant histone 
and chromatin parameters when the deletion was bigger 34, in line with upregulation of 
X,Y genes in round spermatids 35. Spermatid nucleus chromatin condensation is affected 
and so is, for the more severe deletions, the frequency of karyotype abnormalities in 
embryos generated by intra cytoplasmic sperm injection (ICSI) 36. 
 Here we have studied cytological parameters of MSCI in man over a number of 
probands. The main reason for this study is that human sperm samples are known to be 
variable between and within men 37,38 a variability that is increasing when sperm 
numbers are decreasing 39,40. Hence, the spermiogram (number, morphology, and 
motility of spermatozoa) of many human probands resembles that of mouse 
chromosome mutants in which impaired MSCI is indicated, a variability never seen in 
chromosomally normal mice. A second reason is that the spermatogenic phenotypes of 
men with AZFc deletions suggest the Y chromosome to be involved in spermatocyte 
development: If MSCI is systematically operative in our species, one would not expect 
the deletion to be of consequence for meiocyte survival. 
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 To check for enrichment of H3.3 containing nucleosomes, we probed primary 
sperma tocyte nuclei for H3.3S31ph (due to lack of an appropriate antibody detecting 
unmodified H3.3) and H3.1/H3.2. The high signal for H3.3S31ph in the late pachytene XY 
body showed that nucleosomes containing H3.1/3.2 were indeed replaced by 
nucleosomes containing H3.3 (Figure 1C). Variation in signal intensity was observed for 
H3.3S31ph (n=20, P2, Table S1). However, this showed no relation to the loss of H3.1/3.2 
(not shown). 
 To conclude, we observed a considerable variation in gonosomal chromatin remodeling 
during pachytene, both within and between probands, contrasting strongly with our 
previous observations in mice 22.
No H3.1/3.2 nucleosome replacement at Yq heterochromatin
In about 50% of the XY bodies with the highest H3.1/H3.2 nucleosome replacement 
(n=41, patients and controls, Table 1), we noticed a protrusion of H3.1/3.2 signal, probably 
of sex chromatin origin (Figure 1B). An axial element loop emanating from the 
SYCP3-stained tangled knot reached towards or into this protrusion. The loop was 
observed in 65% of all late pachytene spermatocytes (n=326, Table 1, patients: 62%; 
controls: 70%). We performed FISH with an X chromosome painting probe and a Yq 
heterochromatin (Yqh) probe followed by IF analysis to determine whether there could 
be a systematic overlap between X and/or Y chromatin signals and H3.1/3.2 signal 
Figure 1  H3.1/3.2 nucleosome eviction in human pachytene spermatocytes Table 1   Degree of sex chromatin H3.1/3.2 nucleosome eviction in patients and 
control men
Distribution of late pachytene spermatocytes among low to high nucleosome 
eviction classes (%)
Low Mid 1 Mid 2 High N
P1 39 27 26 8 51
P2 24 31 30 15 46
P3 48 15 15 22 60
Total1 37 24 24 15 157
C1 43 24 28 5 61
C2 54 29 17 0 59
C3 27 22 22 28 49
Total2 42 25 22 11 169
Patients (P), Controls (C)
1 Heterogeneity between patients χ2 df. 6: 13.6, p=0,035
2 Heterogeneity between controls χ2 df. 6: 31.2, p <0.001
Pooled patients and controls: χ2 df. 3: 2.2, p= 0,54
A C
B
early pachytene mid pachytene late pachytene
four groups of nucleosome eviction in late pachytene spermatocytes
low mid 1 mid 2 high
SCP3
H3.1/3.2
H3.1/3.2
DAPI
H3.1/3.2
H3.3S31-Ph
H3.3S31-PhH3.1/3.2
H3.1/3.2
DAPI
SCP3
H3.1/3.2
SCP3
H3.1/3.2
SCP3
H3.1/3.2
DAPI
A   H3.1/3.2 nucleosome eviction was never observed 
in early pachytene spermatocytes (Type I,II [25,41]). 
First signs of H3.1/3.2 loss were detected in mid 
pachytene spermatocytes.
B   Illustration of four degrees of nucleosome eviction 
distinguished in late pachytene XY bodies. Arrows 
indicate the protrusion of H3.1/3.2 invading the XY 
body. Arrowheads indicate the axial element loop 
reaching towards the H3.1/3.2 protrusion. 
C   Simultaneous loss of H3.1/3.2-containing nucleo- 
 somes and formation of nucleosomes containing 
H3.3S31ph at meiotic sex chromatin. Arrow indicates 
the H3.1/3.2 protrusion, arrowhead points at the 
absence of enrichment for H3.3S31ph at the H3.1/3.2 
protrusion signal.
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chromatin which was stained by γH2AX became smaller and usually was in the centre 
of the XY body (Figure 3B,E). When a H3.1/3.2 Yq heterochromatin protrusion was 
identified in highly remodelled XY bodies (44%, n=41) the overlaying γH2AX signal was 
often weaker (72%, n=18, Figure 3B). Complete absence of the γH2AX signal was never 
observed in late pachytene and as human meiosis has no significant diplotene stage 
25,41,42 we investigated metaphase I nuclei. This is a rare stage in spreading preparations 
of human spermatogenic cell samples as well. In those found, we did not observe any 
γH2AX signal (n=4, not shown). To conclude, in human late pachytene nuclei the 
disappearance of γH2AX is related to the degree of nucleosome eviction, which 
constitutes another difference from mice, in which the sex bivalent is characterized by 
heavy γH2AX staining up to the diplotene stage 4.
(Figure 2). From individual C3, 33 late pachytene nuclei were scored of which five 
showed highest nucleosome eviction. In four of these a clear H3.1/3.2 protrusion was 
observed, with a co-localizing Yqh probe signal (Figure 2A). In the other 28 nuclei with 
an intermediate to low degree of H3.1/3.2 nucleosome eviction, overlapping signals 
were difficult to analyse because of remaining H3.1/3.2 nucleosomes in the XY body. 
However, Yqh signal was always found together with H3.1/3.2 signal (Figure 2B, C). In 
some of these nuclei a protrusion could be observed as well (Figure 2B). As expected, 
the X chromosome showed variable H3.1/3.2 nucleosome eviction (Figure 2A-C). 
Overall, in nuclei with highest nucleosome eviction, H3.1/3.2 signal was only left on Yqh 
and at the edges of the DAPI bright domain. H3.3S31ph signal was not enriched on the 
H3.1/3.2 protrusion and therefore confirmed this notion (Figure 1C). In nuclei with lower 
nucleosome eviction, H3.1/3.2 depletion was in most cases clearest in the centre of the 
XY chromatin area where the X probe signal was located (Figure 2C). 
H3.1/3.2 nucleosome replacement and H2AX phosphorylation at S139
γH2AX is a marker of sex chromatin during pachytene, indicating chromatin remodelling 
leading to meiotic sex chromosome inactivation (MSCI) 5. We were interested to study 
whether there is a relation between the degree of sex chromatin nucleosome eviction 
and the intensity of the γH2AX signal. In early and mid pachytene a strong γH2AX signal 
was consistently found in the XY body (n=74, Figure 3A). In the majority of late pachytene 
nuclei with low XY nucleosome eviction, a strong to mid γH2AX signal remained, 
extending into H3.1/3.2 positive sex chromatin (Figure 3C,D,E). In nuclei with higher 
nucleosome eviction the γH2AX signal became weaker (Figure 3B,D). Also the area of XY 
Figure 2   Differential H3.1/3.2 nucleosome remodelling between Yq heterochromatin 
and the X chromosome in late pachytene spermatocytes
A   Late pachytene nucleus showing a high degree of 
nucleosome remodelling for the X chromosome, 
but no remodelling for Yqh.
B   Late pachytene nucleus showing an intermediate 
degree of nucleosome remodelling for the X 
chromo some, but no remodelling for Yqh.
C   Late pachytene nucleus showing a low degree of 
nucleosome remodelling for the X chromosome, 
but no remodelling for the Yqh. 
Figure 3   γH2AX in early and late pachytene XY bodies
A   Early pachytene nucleus. The complete X and Y chromatin is covered by γH2AX.
B   Late pachytene XY body with a high degree of H3.1/3.2 nucleosome remodelling and a decreased γH2AX 
signal (very weak, < H3.1/3.2 depleted area). A clear protrusion of H3.1/3.2 signal is present (arrow) with almost 
no overlaying γH2AX signal. H3.1/3.2 protrusion indicated by the dotted lines. 
C   Late pachytene XY body with a low degree of H3.1/3.2 nucleosome remodelling and a strong γH2AX signal 
(> H3.1/3.2 depleted area).
A CB
X
Yqh
DAPI
H3.1/3.2
X
Yqh
H3.1/3.2
A B C
H3.1/3.2
SCP3
DAPI
SCP3
γH2AX
DAPI
γH2AX
γH2AX
H3.1/3.2
D
E
Intensity of γH2AX on XY
low mid 1 mid 2 high
0
10
20
30
40
50
60
strong
mid
weak
very weak
nucleosome eviction
%
 o
f p
ac
hy
te
ne
 n
uc
le
i
Sex chromatin area covered by γH2AX
low mid 1 mid 2 high
0
10
20
30
40
50
60
70
> H3.1/3.2 depleted area
follows H3.1/3.2 depleted area
< H3.1/3.2 depleted area
Nucleosome eviction
%
 o
f p
ac
hy
te
ne
 n
uc
le
i
Ch
ap
te
r  
2
H
um
an
 m
al
e 
m
ei
ot
ic
 s
ex
 c
hr
om
os
om
e 
in
ac
ti
va
ti
on
44 45
with high nucleosome replacement. However, in nuclei with high nucleosome eviction 
we never saw complete absence of RNA pol II signal. Notably, in nuclei with high H3.1/3.2 
nucleosome loss no distinction in RNA pol II signal intensity was observed between Yqh 
(the H3.1/3.2 protrusion) and remaining XY chromatin. 
 Second, we performed RNA FISH using Cot-1 DNA as a probe. The Cot-1 probe is 
used to visualize repetitive sequences in intronic and 3’ untranslated regions which are 
present throughout the genome and emerge upon gene transcription into pre-spliced 
RNA [8]. To demonstrate genomic coverage, we performed DNA FISH with the Cot-1 
probe on human lymphocyte metaphase nuclei and pachytene spermatocytes. In both 
types of nuclei the complete chromatin, including X and Y, was covered with Cot-1 DNA 
signal (Figure S2A,C), the signal being stronger for constitutive centric heterochromatin.
 To detect transcripts in the XY body, we combined RNA FISH with IF for SYCP3 in 
P2,3 and C3 (see Table S1). Sertoli cell nuclei were the most heavily stained, corresponding 
to their active state, while at meiotic metaphase no signal was present (not shown). As 
expected, very weak RNA signals were seen in the early meiotic prophase stages 
(leptotene, zygotene). In early pachytene nuclei, the signal intensity increases for the 
autosomal bivalents (not shown). Over the late pachytene XY bodies of all three men, 
there was a clear reduction of Cot-1 RNA signal, contrasting to the autosomes. However, 
variation was observed (Figure 5A: low; B: high). Of all late pachytene nuclei scored 
(n=117), 4% showed high Cot-1 RNA staining over the XY body, 54% an intermediate 
(mid) staining and 42% a low Cot-1 RNA signal. In all early, mid pachytene nuclei in 
which the XY axial elements were well recognizable, a decrease in Cot-1 RNA was 
observed (n=38, Figure 5F).
 To link H3.1/3.2 nucleosome eviction to the presumptive silencing of XY genes, we 
combined RNA FISH with IF for H3.1/3.2 in late pachytene nuclei (n=134, P2 and C1,3, 
Table S1). Nuclei showing low nucleosome eviction displayed more Cot-1 RNA and vice 
versa, nuclei with the highest nucleosome eviction showed less Cot-1 RNA (Figure 
5C,D,E,H). In nuclei with high H3.1/3.2 nucleosome loss, no distinction in Cot-1 signal 
intensity was observed between the H3.1/3.2 protrusion (Yqh) and remaining XY 
chromatin. In agreement with the observation of a decrease of sex chromosome Cot-1 
signal in early to mid pachytene, nuclei were found that did not show any loss of H3.1/3.2 
staining but did show a local depression of Cot-1 RNA probe hybridization (Figure 5G). 
 Third, we cultured spermatogenic cells derived from a fresh TESE biopsy (P4, Table S1, 
Materials and Methods) with the uridine analog EU. Pilot experiments indicated acid 
fixation and spreading to better preserve the RNA signal than did basic (PFA) fixation 
and spreading. Identification of late pachytene nuclei could still be based on the 
prominent DAPI intensive XY body (Figure 6A,B). Consistent with the results from Cot-1 
RNA FISH, Sertoli cells displayed the strongest EU signal and meiotic metaphase nuclei 
displayed no signal (not shown). In meiotic nuclei without a DAPI intense XY body, 
autosomal EU signals were low (not shown). In nuclei with an XY body, the autosomal 
Meiotic sex chromosome silencing
In the mouse, we suggested H3.1/3.2 nucleosome replacement to be functional in MSCI 22. 
If this supposition is right, then MSCI would constitute a much more variable phenomenon 
in the human. To investigate MSCI in man, we first stained patient and control nuclei for 
SYCP3 or H3.1/3.2 in combination with RNA polymerase II (RNA pol II), an indirect marker 
of transcription. In mouse it was shown that RNA pol II is largely absent at sex chromatin 
of late pachytene nuclei, while it is strongly present on autosomal bivalents 43,44. Our 
results on human primary spermatocytes, illustrated and graphically represented in 
Figure 4, show variation in the intensity/presence of the RNA pol II signal on the XY body 
in late pachytene spermatocytes (compare Figure 4A,B) and suggest a relation between 
the degree of H3.1/3.2 nucleosome eviction and the amount of RNA pol II demonstrable 
(Figure 4C). Nuclei with low nucleosome replacement show more RNA pol II than nuclei 
Figure 4   Variation in presence of RNA polymerase II in late pachytene XY bodies
A   Late pachytene nucleus, showing no decrease in RNA pol II signal intensity at the XY body compared to the 
autosomal chromatin. Nuclei were stained with the mouse monoclonal antibody.
B   Late pachytene nucleus, showing a strong decrease in RNA pol II signal intensity at the XY body compared to 
the autosomal chromatin. Nuclei were stained with the mouse monoclonal antibody.
C   Histogram displaying the relation between the degree of nucleosome eviction and the decrease of RNA pol II 
signal at the XY body, classified into four categories (bars). Total absence of RNA Pol II signal was never 
observed. Nuclei were stained with the rabbit polyclonal antibody (n=106, P2, C1-3, Table S1).
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signal was, in most cases, stronger. Late pachytene nuclei were variable in RNA tran-
scriptional activity over the XY body (Figure 6, compare A with B). About 5% of nuclei 
showed a relatively high production of RNA on the XY body (Figure 6B), 42% an 
intermediate (mid) expression and 53% of the nuclei displayed only low RNA expression 
(Figure 6A) (n=60, P4, Table S1). Complete absence of EU signal was never observed. 
Taken together, both indirect (by RNA Pol II IF) and direct demonstrations of transcription 
(by Cot1 RNA FISH and EU incorporation) do show MSCI to be variable between human 
primary spermatocytes. Double labelling for H3.1/3.2 showed a correlation between 
higher gonosomal transcription and lower nucleosome remodelling, supporting our 
original supposition of a mechanistic link between this phenomenon and MSCI 22.
Transmission of incompletely H3.1/3.2-evicted sex chromosomes to the 
round spermatid stage 
In the mouse, disturbances in MSCI have been associated with the pachytene checkpoint 
and spermatocyte death (see introduction). Therefore we were interested to discover if 
at the meiotic divisions there has been selection for spermatocytes with more fully 
remodelled XY bodies to reach the round spermatid stage. Therefore, we first studied 
meiotic metaphase I/II nuclei, of which we found 32. In these, some gonosomal H3.1/3.2 
Figure 5  Cot-1 RNA expression in pachytene spermatocytes
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A   Late pachytene nucleus displaying a low Cot-1 RNA signal on XY. 
B   Late pachytene nucleus displaying a higher Cot-1 RNA signal on XY.
C   Late pachytene nucleus showing a high degree of H3.1/3.2 nucleosome eviction and a low Cot-1 RNA signal 
on XY.
D   Late pachytene nucleus showing an intermediate (mid) degree of H3.1/3.2 nucleosome eviction and inter- 
mediate (mid) Cot-1 RNA signal on XY. 
E   Late pachytene nucleus showing a low degree of nucleosome eviction and high Cot-1 RNA signal on XY.
F   Early pachytene nucleus displaying low Cot-1 RNA expression on XY.
G   Early or mid pachytene nucleus before H3.1/3.2 nucleosome eviction but with an intermediate (mid) Cot-1 
RNA signal.
H   Histogram showing the relation between the degree of H3.1/3.2 nucleosome eviction and the level of Cot-1 
RNA signal (bars) (n=134, P2, C2,3).
Figure 6   Variation in transcriptional activity of the XY body determined by EU 
incorporation
The DAPI intense XY body is indicated by an oval in both late pachytene 
nuclei.
A   Low RNA expression at the XY body.
B   High RNA expression at the XY body.
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identified by nuclear morphology and by the presence of only one FISH signal (X or Y, 
Figure 7C,D). Yqh FISH confirmed the lack of nucleosome replacement for this region 
(Figure 7C). The X chromosome painting probe allowed the study of nucleosome 
eviction over the whole chromosome (n=54) (Figure 7D,E): In 40% of spermatid nuclei, 
the degree of evicted H3.1/3.2 containing nucleosomes was low. In 43% of nuclei there 
was an intermediate degree of H3.1/3.2 nucleosome eviction (example in Figure 7D) 
and in the remaining nuclei (17%) the degree of nucleosome eviction was high. These 
findings were compatible with the interpretation of nucleosome eviction in late 
pachytene spermatocytes of this proband (Table 1). In all, the data support the concept 
that meiocytes metamorphose into spermatids irrespective of the level of gonosomal 
nucleosome eviction. 
Histone characteristics of human meiotic and post-meiotic sex 
chromatin
Because of the contracted nature and heterochromatic appearance (judged by DAPI 
staining) of late pachytene spermatocyte XY bodies in the human and mouse and the 
prominent presence of H3K9me3 in late pachytene XY bodies in the mouse 22, we 
studied several histone modifications in combination with H3.1/H3.2 staining (Figure 8, 
Table 2, Figure S3). For both H3K9me3 and H3K4me2 detection, two independent 
antibodies (see Materials and Methods) were used which did not differ in staining 
pattern (data not shown). Based on our results and on IF staining patterns that are 
commonly observed in mouse 9,22, the histone 3 N-tail methyl PTMs tested for could be 
divided in two groups: 1) H3K9me2,3 and H4K20me3, which on autosomes at late 
pachytene yielded a heterochromatin staining pattern (determined by co-staining with 
the centromere-specific antiserum CREST, data not shown) (Figure 8 A-C); 2) Histone 
modifications that showed an even autosomal staining, such as H3K4me2 and 
H3K27me2,3. The latter marks disappeared from the sex chromatin during nucleosome 
eviction and were also lost from Yqh while H3.1/3.2 was still present (Figure 8D-F, Table 2, 
Figure S3C-E). 
 H3K9me3 decreased over the XY body in conjuncture with H3.1/H3.2 loss as well, 
but more selectively as often clearly stained domains remained (Figure 8B; Table 2, 
Figure S3B). An identical pattern was observed for H4K20me3 (Figure 8C). These domains 
(for H4K20me3 often more than one per XY body) were located in the periphery of the 
DAPI-intense sex chromatin. When a H3.1/3.2 protrusion (i.e. Yqh) was present (n=37), 
colocalization with H4K20me3 was observed in 95% of cases (Figure 8C). In only 12% of 
the H4K20me3-stained nuclei (n=115) the signal was absent from the XY body. Similarly, 
H3K9me3 was present in all observed Yqh protrusions (Figure 8B) (11%, n=146) and in 
seven cases exclusively so. 
 The staining pattern of H3K9me2 differed from the H3K9me3 and H4K20me3 het-
erochromatin markers, as no specific domains were associated with the XY body. We 
remnants were always observed, concordant with the varying degree of replacement 
found in late pachytene (Figure 7B). The best XY remodelled nuclei showed a little cloud 
of H3.1/3.2 on a more DAPI intense sex chromatin domain, reminiscent of the absence of 
nucleosome eviction for Yqh (Figure 7A). These results suggest that incomplete XY 
H3.1/3.2 replacement does not influence the efficiency of the meiotic divisions, as it 
does in mice. Consequently, round spermatids with incompletely remodelled sex 
chromatin must be present.
 We utilized IF/FISH analysis (X chromosome painting probe, Yqh probe combined 
with IF staining of H3.1/3.2) on proband C3 to analyze round spermatids, that were 
Figure 7  Transmission of incompletely evicted sex chromatin to round spermatids
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A   Metaphase I spermatocyte with a high degree of XY 
bivalent H3.1/3.2 nucleosome eviction. A bulge of 
H3.1/3.2 (arrow) was present in a more intense DAPI 
domain that is part of the encircled sex bivalent, i.e. 
Yqh.
B   Metaphase I spermatocyte with an intermediate 
degree of XY bivalent H3.1/3.2 nucleosome eviction 
(the area within the dashed line). 
C   Male early round spermatid nucleus. The Yqh signal 
colocalizes with H3.1/3.2 remaining histones, adjacent 
to loss of H3.1/3.2 for Y euchromatin. 
D   Female early round spermatid nucleus. Loss of 
H3.1/3.2 containing nucleosomes was incomplete 
(mid class) over the X chromosome. 
E   Histogram showing the degree of H3.1/3.2 nucleo - 
some eviction for the X chromosome in female early 
round spermatids (n=54, C3). 
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spermatid nuclei H4K20me3 seemed to be faintly present over the X or Y, while this was 
not observed at late pachytene. Furthermore, similar domains were associated with the 
PMSC as found for H3K9me3 staining. In most cases H3.3S31ph was stronger on the sex 
chromatin compared to autosomal chromatin. We never observed γH2AX in round 
spermatids
 In conclusion, with the exception of Yqh, the sex chromosomes at late pachytene 
miss an overt heterochromatic signature as based on H3 and H4 N-tail modifications. In 
early round spermatids, this pattern is maintained with the addition of H4K20me3 that 
might signal heterochromatinization.
 
Discussion
MSCI in the human male
In the present study we show by indirect and direct cytological methods (H3.1/3.2 
nucleosome eviction and presence of RNA polymerase II, EU incorporation and Cot-1 
observed three types of H3K9me2 staining patterns in late pachytene spermatocytes 
(Figure S3A) without a clear link to H3.1/3.2 nucleosome eviction. However, a trend is 
visible towards more H3K9me2 staining on XY in higher H3.1/3.2 remodelled nuclei 
(Figure S3A, Table 2). 
 In early round spermatids (Table 2), the sex chromosome signals for histone modifications 
resembled those observed in late pachytene XY bodies. Least variability was found for 
modifications that tended to be low at XY during/after nucleosome eviction such as 
H3K4me2, H3K27me2 and H3K27me3. H3K9me2 reached higher coverage over the sex 
chromosomes than did H3K9me3, which was faintly present and showed stronger 
domains next to the H3.1/3.2-evicted PMSC, as in late pachytene. In the majority of 
Figure 8  Histone characteristics of the XY body
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A-F Late pachytene nuclei are shown with a mid-2 to high degree of H3.1/3.2 nucleosome eviction. In the merge 
panel DAPI, H3.1/3.2 and the PTM are depicted.  
    A H3K9me2 was strongly present on XY chromatin including Yqh, as indicated by the brighter DAPI domain 
(arrowhead).
    B H3K9me3 was present on the Yqh H3.1/3.2 protrusion (arrow) and irregular on other XY chromatin. 
    C Two H4K20me3 stained domains were found in and associated with X,Y chromatin and were co-staining 
with H3.1/3.2. Part of the upper domain was located in brighter DAPI XY body chromatin (arrowhead) 
reminiscent to Yqh. 
D-F H3K4me2, H3K27me2 and H3K27me3 were strongly decreased in X,Y chromatin, including Yqh as indicated 
by the dotted lines. 
Table 2   Histone variant- and histone N-tail-modification dynamics at meiotic and 
post-meiotic X,Y chromatin
Histone 
modification
General dynamics  
on X,Y
Appearance  
on Yqh
Early round spermatids
H3K9me21 increase? (n=176) Present +/- or + (n=82)
H3K9me31 decrease, domains 
(n=146)
Present - or +/-, domains (n=95)
H4K20me31 decrease, domains 
(n=115)
Present - or +/-, domains (n=115)
H3K27me22 disappears (n=182) Disappears - (n=107)
H3K27me32 strong decrease (n=171) strong decrease - or +/- (n=106)
H3K4me22 disappears (n=75) Disappears - or +/- (n=27)
Histone variant 
modification
H3.3S31ph strongly present (n=10) Present + (n=17)
γH2AX decreases (n=203) Decreases - *
1 group 1: histone lysine methyl modifications displaying autosomal heterochromatin staining 
2 group 2: histone lysine methyl modifications displaying autosomal even staining
In parenthesis: number of nuclei. 
*No quantitative analysis was performed on γH2AX staining in early round spermatids as this modification was 
never observed.
Modifications were studied in P1-3 and C3, except for H3K4me2 which was studied in P2 and C3, and H3.3S31ph 
which was studied in P2.
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observed in late pachytene might therefore be caused by variation in the maintenance 
of silencing in which H3.1/3.2 nucleosome remodelling (and resulting histone PTM 
changes) might have a role, concomitant with the chromatin domain moving away 
from the transcriptionally active autosomal bivalents.
 Could the decrease in γH2AX staining we observed in human late pachytene be 
involved in maintenance variation of MSCI? In the mouse, staining continues into 
diplotene and is lost at first meiotic metaphase, which is different in the human (who are 
missing a substantial diplotene stage 25,41,42). Here this mark is reduced up to a very low 
level when nucleosome remodelling is maximal (late pachytene). For the mouse, an 
interpretation could be that this modification helps in maintaining MSCI. In the human 
our results do not support this view, as the human XY bodies showing low H2AX S139 
phosphorylation were better nucleosome remodelled and on average showed a lower 
Cot-1 RNA signal.
No selection for incomplete H3.1/3.2 evicted pachytene spermatocytes 
In mouse chromosome mutants in which the association of asynapsed chromosome 
segments with the XY body interferes with MSCI, pachytene and metaphase I death 
usually follows 10,28. Assuming that this typical pattern of spermatocyte death is related 
to expression of gonosomal genes, one could ask if such a selection step does occur in 
human spermatogenesis. In the light of the variation in MSCI indicated by our data, this 
would not seem likely. We observed variation in X chromosomal H3.1/3.2 depletion in 
round spermatids, reproducing the variegated pattern found in late pachytene. Also 
around the Yqh, variation in an adjacent H3.1/3.2 depleted area was witnessed. Hence, 
there does not seem to be a clear selection against primary spermatocytes with respect 
to chromatin remodelling, i.e. the global transcriptional status of the sex chromosomes. 
Observations on XY chromatin remodelling at first and second meiotic metaphase on 
average yielded the impression of a more fully executed remodelling process, but traces 
of H3.1/3.2 outside the Yqh area were found. The more fully remodelled impression of 
the metaphase sex chromosomes may well be caused by the more compacted nature 
of the chromatin in which fainter histone signals are not picked up. To conclude, these 
data indicate that in man a variation in meiotic gonosomal expression pattern is 
tolerated before, and likely also after the meiotic divisions. 
 Also in the human, the aggregation of unsynapsed autosomal chromatin with the 
sex chromosomes intervenes with spermatogenesis 31. As in mouse this increases 
heterogeneity of human sperm even further and generally results in the oligo-asteno-
teratozoospermia (OAT) syndrome as well 46, suggesting that a link between X,Y gene 
activity and spermatogenic cell death/spermatid differentiation is maintained 24,47. Tran-
scriptional inactivation at the unsynapsed autosomal segments might be a contributing 
factor 47, which is omitted when studying mouse and human males with an XYY 
karyotype. In the mouse, Y activity during pachytene is detrimental as evidenced by 
RNA FISH) MSCI to occur in man. In late pachytene, H3.1/3.2 nucleosome eviction is 
correlated with the repression of Cot-1 RNA expression. Using the loss of H3.1/3.2 as an 
indirect marker for MSCI, variation was detected between and within patients and 
controls. Cot I RNA FISH and EU incorporation confirmed this observation. This variability 
did not occur for H3.1/3.2 nucleosome eviction in spermatocytes from Swiss random 
bred mice 22. To follow up and confirm this observation, we checked H3.1/3.2 nucleosome 
eviction in spermatocytes from a Swiss derived outbred NMRI mouse and a Swiss 
derived inbred FVB mouse. Similarly, both mice had homogeneously H3.1/3.2 evicted 
late pachytene XY bodies that by this characteristic usually were sharply demarcated 
(data not shown). Variation in MSCI has neither been specifically noticed in 3H-uridine 
uptake studies using inbred C3H mice and random bred Swiss mice 6,30.
 In the human, variation was most apparent at the circumference of the XY body 
that is much more fuzzy, as observed by DAPI staining, compared to mouse. Also 
stainings by H3,H4 PTMs that mark heterochromatin failed to uniformly label gonosomal 
chromatin at late first meiotic prophase, with the exception of Yqh. Our notion that 
nucleosome remodelling is linked to MSCI is strengthened by its absence in Yqh. 
Apparently, this domain is sufficiently made incapable of mechanistic transcription by 
its intrinsic chromatin structure, illustrated by the histone PTM stainings. In the mouse, 
pachytene XY body localization is related to the pachytene substage 45. The later in 
pachytene, and clearly from stage IV on, the more the XY body was found in the 
periphery of the nucleus. For chromatin remodelling, we studied late pachytene 
spermatocyte XY bodies only, which according to the available mouse data 45 should 
have a preference for the nuclear periphery. However, we found XY bodies to be located 
over the whole spread area. Low H3.1/3.2 remodelled late pachytene XY bodies tended 
to be located more towards the centre compared to highly remodelled late pachytene 
XY bodies that were more often found near the periphery. One explanation for this 
phenomenon could be that for maintenance of MSCI a peripheral localization is 
advantageous. 
 In the mouse, MSCI commences at early pachytene 6. Cot-1 RNA FISH in combination 
with staining for SYCP3 revealed that from early to late pachytene, Cot-1 RNA was 
reduced at the human XY body. The first sign of gonosomal H3.1/3.2 loss in human 
spermatocytes was at mid pachytene, which is different from the mouse, where H3.1/3.2 
nucleosome eviction starts at early pachytene 22. These results indicate that also in the 
human, H3.1/3.2 nucleosome eviction follows X,Y gene silencing, though with a greater 
time lapse. 
 The general idea is that MSCI is initiated by the cascade of events following H2AX S139 
phosphorylation 5 the spreading of which is assisted by MDC1 19. Strong γH2AX staining 
is present in both human and mouse early pachytene spermatocytes, indicating that 
initiation of MSCI is similar in human and mouse. This is reflected by an inactive XY body 
in early pachytene for both human (this study) and mouse 6. The variation in MSCI we 
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genetics 57-59 and physiological data 60 it can be deduced that in the human polygyny 
has not been the norm over our recent evolutionary history though it likely prevailed 
over earlier times. Hence, multifemale-multimale mating systems are assumed to be 
rare 60. This may have caused a relaxation of MSCI. This relaxation might also be 
demonstrated by the fact that some AZFb, c genes probably are subjected to MSCI and 
others not (Table S2). Thereby, systematic MSCI is alleviated to allow Y gene activity in 
pachytene and most likely the post meiotic stages. As a by product, the heterochro-
matinization of the meiotic sex chromosomes in late pachytene as witnessed in mouse 
is much less pronounced in man. Also, the selective pressure on morphological 
uniformity in gamete quality, that seems better guarded by complete MSCI and is here 
assumed to be functional in sperm competition between males, has been given up. 
Relaxation of MSCI might also involve a difference in activation of the pachytene 
checkpoint which in mouse was found to be induced by miss expression of Zfy1/2 12. 
When MSCI is less effective in human, human ZFY transcripts might not activate this 
checkpoint, as also is indicated by the occurrence of meiotic divisions in XYY men, who 
escape MSCI when a Y bivalent is formed 51. However, of the ZFY/ZFX gene family which 
is present in both mouse and man, mouse Zfy1/2 are the least conserved, enabling 
evolution of function 61. Alternatively, the human pachytene checkpoint might be 
placed before the time of relaxation of MSCI. However, this theory would not hold for 
XYY spermatocytes with a Y bivalent. Our observations need follow up by determining 
gonosomal gene expression in the spermatocytes and round spermatids, especially as 
also in the mouse, MSCI is not systematically executed: The majority of X-linked miRNAs 
(86%) escapes MSCI 62.
 Conclusively, we postulate variation in meiotic and post-meiotic X,Y chromatin 
repression to contribute to morphological sperm heterogeneity, the consequences of 
which are alleviated by alternative selection mechanisms like within proband sperm 
selection and early embryonic death 63, which does not lead to a reproductive 
disadvantage for the couple.
Materials and Methods
Ethics Statement
On October 18th, 2006, the CCMO (Central Committee on Research involving Human 
Subjects) approved of the research protocol entitled ‘Intracytoplasmatic Sperm Injection 
using testicular spermatozoa in men with azoospermia: an observational study’.
Human testis material
Testis material was obtained from seven men (patients and controls) with non-obstructive 
azoospermia (NOA) or obstructive azoospermia (OA) willing to conceive, who underwent 
strong selection during first prophase against spermatocytes with a Y bivalent that 
escapes MSCI 12. This selection is less strong in the human XYY spermatocytes as is 
demonstrated in patients in which the habitual loss of one Y chromosome during the 
spermatogonial divisions did not occur and the Y chromosomes could partly or wholly 
synapse 48-51. Loss could occur at the meiotic divisions or during spermiogenesis, and to 
a much lesser extend at pachytene. These observations support our interpretation that 
Y (and X) expression during first meiotic prophase in the human is less strictly controlled 
as compared to mouse, leading to the greater between gamete variation as observed in 
our species 37,38. 
An evolutionary explanation for variable MSCI in the human
In human, the phenotypes of the AZFb and c deletions allow an indirect genetic analysis 
into Y gene activity during spermatogenesis. AZFb presents with a uniform early meiotic 
prophase maturation arrest 52 suggesting transcription from the Y being required before 
MSCI. In the AZFc deletion hypospermatogenesis is found, leading to ejaculated sperm 
in 81% of men 53,54 suggesting that absence of AZFc gene transcripts leads to variation 
in cell fate. Table S2 lists several genes from the male specific region of the Y (MSY), 
mostly of the AZFa, b and c regions, from which only scarce in situ gene expression data 
(RNA and protein) were available in the literature. Although gene specific RNA FISH is 
needed to confirm the pattern presented in this table, the suggestion is that some 
genes do display MSCI (DAZ, SRY, TSPY) while others do not (DDX3Y, RBMY, SMCY, RPS4Y). 
DDX3Y and RBMY are also present at the mouse Y where they are subjected to MSCI 12. 
 When we compare the MSY gene content in human 55 and mouse 12, several more 
differences can be observed: first, the number of protein-coding genes is lower in 
mouse (15) (human: 27) and second, only 40% of the mouse Y genes are preserved on 
the human Y illustrating the high rate of evolution, despite the fact that the Y specialises 
in spermatogenesis in both species. The recent finding of remarkable differences in MSY 
gene content between human and chimpanzee stresses the rate of evolutionary 
change even further 56. These authors observed that compared with man, the 
chimpanzee Y chromosome had lost 4 out of 16 genes from the X degenerate regions 
that do not have a spermatogenesis specific function. Interestingly, a recent in silico 
analysis on array hybridisation expression data of whole testes from the chimpanzee 
and man revealed signs of MSCI for the chimpanzee but could not demonstrate 
decreased expression of human XY genes 26.
 Among the evolutionary forces that shape the Y chromosome, as summarized by 
Hughes 56, there is first of all specialization of gene function towards spermatogenesis, 
secondly the high frequency of intrachromosomal ectopic recombination, and thirdly 
the absence of homologous interchromosomal recombination (for the MSY region). 
Furthermore, sperm competition within the female reproductive tract likely speeds up 
selection and hence evolution of the Y chromosome 56. From human population 
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Immunofluorescence (IF)
Surface spread preparations were washed twice in PBS containing 0.05% Triton-X-100 
and blocked for 1 hour at 37°C (blocking buffer: 1% bovine serum albumin, 10% normal 
goat serum or normal donkey serum in PBS containing 0.05% Triton-X-100). Primary 
antibodies were diluted in blocking buffer and slides were incubated for 20 minutes at 
37°C, followed by overnight incubation at 4°C (when using the RNA polymerase II 
antibodies, we incubated 2 nights at 4°C) extended by 20 minutes at 37°C. Then slides 
were rinsed and washed once in PBS containing 0.05% Triton-X-100 and afterwards 
rinsed and washed once in PBS. A second 30 minute blocking step was applied in 
blocking buffer without Triton-X-100, followed by a 2 hour incubation with the 
secondary antibodies diluted in blocking buffer without Triton-X-100. After rinsing and 
washing once in PBS, nuclei were stained with DAPI (10 min, 0.3 µg/ml in PBS) and 
mounted with Vectashield (Vector). When performing FISH after IF, nuclei were 
dehydrated in an 70-80-90-100% ethanol series after the last PBS wash.
DNA fluorescent in situ hybridization (FISH) with directly labelled 
probes
FISH analysis was performed with directly labelled whole chromosome X (LPP0X/R 
Aquarius, Cytocell) and Yq12 (32-131024 CEP Y (satellite III) SpectrumAqua, Abbott 
Molecular Inc.) probes. DNA was denatured for 3 minutes at 72°C and probes were able 
to hybridize overnight at 37°C. Slides were washed twice (1 minute) in 0.4x SSC/0.1% 
Tween-20 at 68°C and subsequently once in 2x SSC, once in 4x SSC and twice in PBS at 
room temperature. Nuclei were dehydrated in an ethanol series and mounted with 
Vectashield containing DAPI. For the DNA FISH protocol with biotin labelled Cot-1 probe 
see Methods S1.
Cot-1 RNA FISH 
Cot-1 RNA FISH was performed as described 8 with modifications to enhance the signal 
(see Methods S1 and Figure S2A-H for rationales of this RNA FISH protocol). Briefly, 
human Cot-1 DNA (Invitrogen 15279-011) was labelled with biotin using the BioNick 
Labeling System (Invitrogen 18247-015). Probes were directly dissolved in hybridization 
buffer containing 50% formamide (Vysis). Probe was mixed (1:1) with preheated (37°C) 
hybridization buffer (4x SSC, 20% dextran sulphate, 2 mg/ml BSA, 2 mM vanadyl 
ribonucleoside), put onto a surface spread preparation and covered with a 18 x 18 mm 
coverslip. Nuclei and probe were heat denatured at 72°C (3 min) and hybridized 
overnight at 37°C in a humid box. The next day, slides were subjected to several 
stringency washes specific for RNA FISH starting with 3 x 5 minutes in 1x SSC/50% 
formamide at 42°C followed by 3 x 5 minutes in 2x SSC and subsequently placed in 4 x 
SSC containing 0.1% Tween-20. Preparations were blocked (4x SSC, 0.1% Tween-20, 4 
mg/ml BSA) for 30 minutes in a humid box at 37°C. Probe detection was carried out 
a testicular biopsy for sperm retrieval (TESE: testicular sperm extraction). One large biopsy 
was taken following the procedure of Silber 64. From all probands a drop of spermatogenic 
cell suspension was smeared on a microscope slide prior to sperm retrieval. Cells were 
Giemsa stained and pachytene spermatocytes, spermatozoa and Sertoli cells were 
counted. In Table S1, ratios between pachytene nuclei and mature elongated spermatids 
(sperm) and between mature elongated spermatids and Sertoli cells are given. The latter 
ratio indicates the spermatogenic activity of the tissue sampled, the former ratio the 
efficiency of the production of mature spermatids per meiotic cell. Although not strictly 
comparable with histological studies, our data are in line with those published 65-67. 
Spermatogenic cells were available for research, after sperm retrieval had been successful. 
Patients were selected that at first inspection had relatively high numbers of spermatozoa 
in the biopsy. The diagnosis of NOA was established after repeated absence of spermatozoa 
in the ejaculate in combination with an elevated FSH level (> 15 IU/ml) and no indications 
for an obstruction (Table S1). In cases of OA, repeatedly no spermatozoa were found in 
combination with a medical history of obstruction and/or normal FSH levels (Table S1). 
Testis material from men of proven fertility, with a history of a vasectomy and absence of 
spermatozoa in the caput epididymis thereafter (OA), was used as control material (C1/2/3 
Table S1). Vasovasostomy testis material is often used to represent normal spermatogen-
esis 25,68-70. For control men 1 and 2, histology of the biopsy was evaluated by the Johnsen 
score 71. Normal spermatogenesis was indicated by scores of 9.1 and 9.5 (with tubule 
scores of only 9 and 10). All men signed an informed consent for participation in this 
project. Testis material was used from one outbred NMRI and one inbred FVB mouse, both 
Swiss random bred derived. The procedure involving these animals is approved by the 
animal ethics committees of the Radboud University Nijmegen Medical Centre and 
Wageningen University and Research Centre, in conformance with the Dutch law on the 
use of experimental animals. 
Surface spread preparations
Nucleus spreads were made as described by Peters 72, with minor modifications. Briefly, 
a suspension of spermatogenic cells was made by crushing the remnant seminiferous 
tubuli with two ribbed forceps in a drop of SIM (spermatocyte isolation medium 73). 
Remnants were separated from the cell suspension by a quick spin (25g). The supernatant 
was transferred to a clean tube, centrifuged for 7 minutes (159g), and the pellet was 
resuspended in 1 ml SIM. An equal volume of a hypotonic solution (17 mM sodium 
citrate, 50 mM sucrose, 30 mM Tris-HCl pH 8.2) was added for 7 minutes. Cells were 
centrifuged again (7 minutes, 159g) and resuspended in 100 mM sucrose (pH 8.2) at a 
concentration of 10-15 x 106/ml. Two 5 µl drops were pipetted onto a paraformaldehyde 
(1% PFA, 0.15% Triton-X-100 pH 9.2) fluid coated microscope slide, placed in a levelled 
humid box for about 75 minutes, rinsed twice in 0.08% photoflow (Kodak), and air dried. 
Slides were stored at -80° until use.
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Analysis and image capture
Staging of pachytene nuclei was based on staining of SYCP3 to visualize the 
synaptonemal complexes (SCs) 25, in combination with nuclear morphology by DAPI. To 
determine the degree of H3.1/3.2 nucleosome eviction, the level of Cot-1 RNA 
hybridisation and the level of EU incorporation of the late pachytene XY body, SYCP3 
staining and/or its prominent and intense DAPI signal was used for localization and 
determination of its area. We subjectively determined the coverage of this area with 
H3.1/3.2, Cot-1 and EU signal. For H3.1/3.2 staining, late pachytene nuclei were 
categorized into four groups ranging from low nucleosome eviction to high nucleosome 
eviction (low > mid1 > mid2 > high) (Figure 1B). Cot-1 (Figure 5A-E) and EU RNA (Figure 
6) staining was categorized into three groups (low > mid > high) in which ‘low’ indicates 
a strong decrease in signal and ‘high’ a modest decrease compared to autosomal 
staining (see Figures 5, 6). Categorization into three groups instead of four was carried 
out when fewer nuclei were included in the experiment. For the combination of H3.1/3.2 
with Cot-1 RNA FISH, H3.1/3.2-stained late pachytene nuclei were categorized into three 
groups as well (see Figure 5 C,D,E). To determine the degree of H3.1/3.2 nucleosome 
eviction in round spermatids, nuclei were categorized into three groups: H3.1/3.2 was 
reduced on the X chromatin (detected by FISH) but signal was still present (low), H3.1/3.2 
was strongly reduced and parts of the chromatin were free of H3.1/3.2 (mid), in a large 
part of the sex chromatin H3.1/3.2 was completely evicted (high) (Figure 7D). 
 Staining intensities and patterns of γH2AX, RNA polymerase II and the H3, H4 N-tail 
PTMs were subjectively determined as well and classified as described in the figure 
legends. Nuclei were captured by a Zeiss AxioCam MR camera on a Zeiss Axioplan 
fluorescence microscope using Axiovision 3.1 software (Carl Zeiss). Around 50 late 
pachytene and 25 round spermatid nuclei were captured per patient/control man per 
immunostaining at an exposure time reflecting the microscopic image. 
Statistics
Deviations from random class distributions have been tested by Chi square analysis. 
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RNA imaging by 5-ethynyluridine (EU) incorporation
Newly synthesized RNA was visualized by incorporation of the uridine analog 
5-ethynyluridine (EU) 74. Incorporated EU can be detected by a copper-catalyzed cyclo 
addition reaction with a fluorescent azide (aka ‘click reaction’). From a fresh biopsy (P4, 
Table S1) a cell suspension was made. After the first centrifuge step (7 minutes, 159g) 
cells were resuspended in MEM alpha-complete medium 25. Small cultures (200 μl) 
containing about 15 x 106 cells/ml were made and EU (Invitrogen C10329) was added in 
a concentration of 4 mM. Cells were cultured for 3 hours at 32°C in an atmosphere 
containing 5% CO
2 
25. Acid-fixated air-dried nuclei were prepared as described by Evans 
75. EU was detected using the Click-iT® RNA imaging kit (Invitrogen C10329) followed by 
DAPI staining and mounting in Vectashield.
Antibodies
To localize H3.1/3.2, monoclonal antibody #34 76 provided by J. van der Vlag was used at 
a dilution of 1:1500 for IF, at 1:1000 before DNA FISH and at 1:500 after RNA FISH. A rabbit 
polyclonal antibody against SYCP3 (Abcam, ab15092) was used at 1:200 for IF and at 1:50 
after Cot-1 RNA FISH. A rabbit polyclonal antibody against γH2AX (Upstate, 07-164) was 
used at 1:100. A polyclonal antibody against H3.3 phosphorylated at serine 31 (Abcam, 
2889) was used at 1:100. A rabbit polyclonal antibody against H3K9me2, provided by T. 
Jenuwein was used at 1:150. To detect H3K9me3 two rabbit polyclonal antibodies were 
used, Abcam (ab8898) at 1:1000, and one generated by A.H.F.M. Peters at 1:750. Polyclonal 
rabbit antibodies against H3K27me2,3, provided by T. Jenuwein were used at 1:350. Two 
rabbit polyclonal antibody against H3K4me2 were used, Abcam (ab7766) at 1:100 and 
Upstate (07-030) at 1:500. To detect RNA polymerase II we used a rabbit polyclonal 
antibody (Abcam, ab26721) at a dilution of 1:20 and a mouse monoclonal antibody 
(Abcam, ab817) at 1:50. Centromeres were detected by a human autoantibody (Crest) at 
a dilution of 1:500 (ImmunoVision, Springdale AR). Primary antibodies were detected by 
using goat or donkey anti-mouse and goat or donkey anti-rabbit secondaries with 
respectively a red or a green fluorochrome at 1:500 dilution (Invitrogen Alexa 488; 
A11001, A21202, Alexa 594; A11012, A21207). To detect the biotinylated Cot-1 RNA FISH 
probe, avidine FITC (Vector, SA-5001) was used in a 1:500 dilution enhancing the signal 
with a goat anti-avidine FITC antibody (Vector, SP-2040, 1:200).
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Supplementary Information chapter 2
Figure S1   XY body localization
The degree of H3.1/3.2 nucleosome eviction of late pachytene spermatocytes from patients and controls 
(Table 1) is shown with their accompanying XY body localization. Bars indicate the location of the XY body: in 
or close to the centre (centre), halfway the centre and the edge (1/2), at two-third from the centre to the edge 
(2/3), and at the edge (edge). In grey  the number of nuclei. Statistical analysis by Chi-square: overall χ2: 30.26 
df 9 p<0.001, low vs. mid 2 χ2: 12.68 df 3, p<0.01, low vs high χ2: 24.09 df 3, p<0.001, mid1 vs high χ2: 13.35 df 3, 
p< 0.01, low + mid1 vs mid2 + high χ2:24.69 df 3, p<0.001. 
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Figure S2  Validation of RNA FISH signals at different denaturation temperatures Figure S3   Graphical representation of histone dynamics at the XY chromatin in 
late pachytene spermatocytes
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B-H The dotted circle indicates the XY body.
    A  Lymphocyte metaphase. After DNA FISH the Cot-1 probe hybridizes to all chromosomes and showed 
more intense staining at the centromeric heterochromatin. 
    B  Pachytene spermatocyte nucleus. After DNA FISH the Cot-1 probe hybridized to all autosomal chromo - 
somes and showed decreased hybridization signal for X,Y chromatin. 
    C  RNAse-treated pachytene spermatocyte nucleus. After DNA FISH the Cot-1 probe hybridized to all 
chromosomes with more intense staining at the centromeric heterochromatin. 
    D Pachytene spermatocyte nucleus. After RNA FISH at 72°C the Cot-1 probe hybridized to all autosomal 
chromosomes and showed decreased hybridization signals for XY chromatin. 
    E  RNAse treated pachytene spermatocyte nucleus. After DNA FISH at 62°C the Cot-1 probe was not able to 
hybridize. 
F-H Pachytene spermatocyte nucleus. After RNA FISH at 62°C, 52°C and 37°C respectively, the Cot-1 probe 
hybridized to all autosomal chromosomes and showed decreased hybridization signals for the XY 
chromatin. 
A-E Late pachytene nuclei were assigned to four groups, ranging from a low to a high degree of nucleosome 
eviction (see Figure 1B) (for probands included and number of nuclei see Table 2). Histone characteristics 
and histone N-tail modifications were subjectively determined for the XY body and in A for autosomal 
chromatin as well:
    A Nuclei were categorized into three goups (bars). ‘Low staining, higher at XY’ indicates at the observation 
of low, even autosomal staining with more intense staining at the XY body. ‘General low staining’ indicates 
at an overall low staining including the XY body. ‘Autosomal domains, strong XY’ points at the observation 
of a heterochromatin staining pattern on autosomal chromosomes and overall staining of the XY body.
    B The part of the XY chromatin stained was determined and arranged into four groups (bars).
C-E The decrease in signal for the XY chromatin, compared to the autosomal chromatin, was determined and 
categorized into classes (bars). 
Statistical analysis by Chi-square; A: χ2= 21.98 df 6, p< 0.01, B: χ2=47.87 df 9, p< 0.001 (Abcam antibody), C: 
χ2=29.2 df 6, p< 0.001, D: χ2= 40.2 df 9, p< 0.001, E: χ2= 10.9 df 6, p= 0.21 (Abcam antibody). 
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Table S1  Proband details. 
Patient/
control
Age Diagnosis Duration 
vasectomy 
(years)
FSH 
level 
(IU/ml)
ICSI 
cycles
Pregnancy  
(at ICSI cycle 
no.)
Pach/ 
sperm
Sperm 
per 100 
SCs
P1 33 OA n/a 7 2 Miscarriage 
(#1), Yes (#2)
0.97 113
P2 32 NOA n/a 20.6 5 No (#1-5) 0.48 16
P3 38 NOA n/a 20.4 1 No (#1) n.d. n.d.
P4 28 NOA n/a 23 1 No (#1) 0.60 84
C1 43 OA 14 ND - - 0.33 71
C2 48 OA 8 5.5 1 Yes (#1) 0.36 121
C3 39 OA 5 6.4 3 No (#1,2) 
Miscarriage 
(#3)
n.d. n.d.
Clinical data from patients (P) and controls (C). In every ICSI cycle several oocytes were fertilized and one or two 
best quality embryos were transferred to the uterus. Ongoing pregnancy is determined at 12 weeks after embryo 
transfer. Treatment had not yet started for control 1. Pachytene/sperm ratio (pach/sperm) and the number of 
sperm per 100 Sertoli cells (SCs) were determined in a Giemsa stained sample of the homogenized fresh biopsy.
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Figure S3   Continued
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Methods S1
Optimization of Cot-1 RNA FISH in combination with immunofluorescence
To verify genome coverage of the preparation of Cot-1 RNA, DNA FISH was performed 
on spread human peripheral blood lymphocyte chromosomes. All chromosomes were 
covered with a Cot-1 signal, with an emphasis on constitutive centric heterochromatin 
(Figure S2A). DNA- and RNA FISH differ in initial denaturation temperature and in 
stringency washes (Material and Methods). When performing DNA FISH for Cot-1 on 
pachytene spermatocytes, an RNA FISH pattern emerged at an increased intensity of 
labelling compared with RNA FISH with this probe at the typical hybridisation 
temperature of 37°C (compare Figure S2B, H). To investigate the relation between DNA 
and RNA hybridisation protocols further, we designed the following experiment: We 
performed DNA/RNA FISH at a gradient of denaturation temperatures (72, 62, 52, 42 and 
37°C). DNA is assumed not to denature at 62°C and below. At every temperature one 
slide was treated with RNase and one slide was not. Slides that were treated with RNAse 
were post-hybridization subjected to stringency washes for DNA FISH (see below). 
Slides not treated with RNase were subjected to RNA FISH stringency washes (Materials 
and Methods). At “denaturation temperatures” below 72°C, the Cot-1 probe was 
denatured in advance at 80°C for 10 minutes to be sure the probe would be single-
stranded. 
 At 72°C without RNase treatment, we observed even staining throughout the 
nucleus with a decreased or absent signal on XY (Figure S2D). After RNase treatment, we 
observed complete coverage of all chromosomes with more intense areas around the 
centromeres (Figure S2C). Also the X and Y chromatin was stained with Cot-1 and both 
the X and Y chromosomes contained a Cot-1 intense region which was clearly visible in 
early pachytene nuclei (not shown). At 62°C and 52°C without RNAse treatment, we 
observed again the supposed RNA signal albeit at a lower intensity (Figure S2F, G). After 
RNase treatment, we could not observe any signal at 62°C (Figure S2E) or lower 
temperatures (not shown). In this condition, the RNA was removed and the DNA not 
denatured, hence no hybridisation followed. This result proved to us that nuclei 
denatured at 62°C and untreated with RNase, did show an RNA signal. When comparing 
signal intensities between RNA FISH at 72°C and 37°C the signal was more intense at 
72°C when slides were subjected to RNA-specific stringency washes (compare Figure 
S2B,D and H). We therefore decided to perform succeeding RNA FISH experiments at 
72°C (Materials and Methods, Results and Figure 5)
Cot-1 DNA FISH 
RNAse A (Roche diagnostics) treatment was performed for two hours at 37°C (100 ug/
ml in PBS). Cot-1 DNA FISH was performed with biotin-labelled Cot-1 DNA probes as 
described in Materials and Methods. 300 ng DNA was placed on a slide, denatured at 
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72°C and hybridized overnight at 37°C in a humid box. The next day, slides were 
subjected to several stringency washes specific for DNA FISH starting with two times 
(1 minute) 0.4x SSC/0.1% Tween 20 at 68°C and subsequently once in 2x SSC followed by 
a wash in 4x SSC/0.1% Tween 20. Then slides were blocked for 10 minutes in a humid 
box at 37°C. Probe detection was carried out using avidine-FITC followed by goat 
anti-avidine FITC. Both antibodies were incubated for 30 minutes at 37°C. In between 
and after the incubations, slides were washed three times in 4x SSC/0.1% Tween 20. 
Before IF, slides were once washed in PBS at room temperature. The first antibody was 
diluted in PBS and incubated for 1 hour at 37°C followed by three PBS washes. The 
secondary antibody was incubated for 30 minutes at 37°C followed by 3 PBS washes. 
DAPI staining was performed and slides were mounted with Vectashield.
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Abstract
Homologous recombination is the key to meiotic functioning. The basis of this process 
is provided by numerous SPO11 induced DNA double strand breaks (DSBs). Repair of 
these breaks occurs via the cross-over and non cross-over pathways. By means of im-
munofluorescence staining of RPA and MLH1 in combination with the DNA damage 
marker γH2AX, we studied transitional (cross-over and non cross-over) and late 
(cross-over) recombination nodules, respectively. Testicular samples were from non-
obstructive azoospermic probands (testicular spermatozoa were found) and probands 
that had a history of normal fertility prior to a vasectomy. All probands were ICSI 
candidates. γH2AX foci mostly colocalised with delayed transitional nodules (RPA) for 
which variation was found among probands. Highest incidences of colocalisation were 
found in patients. The level of MLH1 signal intensity was lower in probands who showed 
more frequent γH2AX RPA colocalisation in late pachytene, suggesting communication 
between the cross-over and non cross-over pathways. Our results suggest the presence 
of a genetic risk pathway for children conceived from non-obstructive azoospermic 
probands and urge for follow-up studies investigating the level of recombination 
involved de novo mutations in these children.
Introduction
Non-obstructive azoospermia (NOA) is the most severe form of male infertility. Several 
degrees have been described, ranging from Sertoli cell only syndrome and maturation 
arrest to focal (hypo)spermatogenesis 1. Spermatozoa are present in the testis in about 
50% of cases 2,3. From the introduction of ICSI (intra cytoplasmic sperm injection) in 1992 4 
on, these are used to fulfil a couple’s child wish (TESE-ICSI) 5. NOA can be either 
congenital or acquired 6 but in most cases the origin of disturbed spermatogenesis is 
unknown. Because of the often encountered focal nature, a spermatogonial stem cell 
problem might be implicated. The histological characterization of testicular biopsies 
from NOA patients indicates a large variation in especially the quantitative aspects of 
spermatogenesis 1,7. In IVF laboratory practise, usually a small biopsy of the testis suffices 
to safeguard spermatozoa for ICSI. Here we have taken advantage of this situation to 
study meiotic recombination at the cellular level in a series of patients, using the 
remnant biopsy material not needed for procreation.
 Meiosis comprises about 1/3 of the duration of spermatogenesis 8. During the 
leptotene, zygotene and pachytene stages of first meiotic prophase, crossing-over 
between the homologous chromosomes takes place. This ensures segregation, which 
leads to haploidization and also increases genetic diversity. For crossing-over, pairing 
and synapsis of the homologous chromosomes is essential and depends on the 
formation of numerous DNA double strand breaks (DSBs) which occur at so called 
recombination hotspots 9. Breaks are generated by SPO11, a topoisomerase-like 
transesterase protein, at the start of meiosis and become subsequently gradually 
repaired during the first meiotic prophase I stages (for recent reviews see 10,11). The 
processing of DSBs creates single strand 3’ overhangs, instrumental for the homology 
search, hence bivalent formation 10-12. 
 For repair of the SPO11 induced breaks, two routes exist, one leading to a cross-over 
(exchange with flanking markers) and the other leading to a non cross-over (exchange 
without flanking markers). In the case of a cross-over (CO), a joined DNA molecule 
named a double Holliday Junction (dHJ) is assumed to be formed (for a review see 13). In 
the case of a non cross-over (NCO), the break is preferentially repaired via synthesis-de-
pendent strand annealing (SDSA), only resulting into gene-conversion (yeast 14, an 
opinion gaining terrain 15). In mouse 16 and human 17 a molecular analysis of the 
recombination products of a hotspot for SPO11 DNA DSB induction showed CO and 
NCO to originate from the same initiating event, of which the processing tract is longer 
in case of a CO. Which repair route is taken, CO or NCO, can be influenced by single 
nucleotide polymorphisms (SNPs) present at the hotspot 18.
 Using fluorescence microscopy, repair can be followed from early zygotene on by 
the appearance of foci which, depending on their phase of development and protein 
composition, are called early, transitional, and late recombination nodules 19. The DNA 
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Problems during DNA DSB repair potentially increase the risk of introducing mutations 
in spermatozoa and subsequently in the offspring 38. 
 Our results show a relation between delayed processing of recombination 
intermediates and γH2AX signalling. We identified probands with a higher incidence of 
delayed recombination intermediates. Our data also suggest cross-communication 
between the CO and NCO routes of meiotic DSB processing.
Materials and Methods
Human Testis material
Testis material was obtained from five men with non-obstructive azoospermia (NOA) 
willing to conceive who underwent a testicular biopsy for sperm retrieval (TESE: 
testicular sperm extraction), which was successful. Spermatozoa were used for oocyte 
fertilization via ICSI (intra cytoplasmic sperm injection). The diagnosis of NOA was 
established after the repeated absence of spermatozoa in the ejaculate, an elevated FSH 
level (> 15 IU/ml) and/or no indications for obstruction (see Table 1 for patient details). 
Testis material from obstructive azoospermia men of proven fertility with a history of a 
vasectomy and absence of spermatozoa in the caput epididymis, who wished to 
conceive again, was used as control material (Table 1). We realize that in these men, 
despite the many reassuring reports on testis histology, a proper control testicular 
environment is not present. In a pilot project remnant biopsy material was used from 6 
patients (P6-11, Table S1). All probands were tested for karyotype abnormalities and AZF 
repair enzymes RAD51 and DMC1 are representatives of early recombination nodules; 
RPA, MSH4/5 and BLM are representatives of transition nodules, and MLH1/3 of late 
recombination nodules. These nodules initially are associated with the chromosomal 
cores (named axial elements) that, when the homology search is successful, participate 
in the synaptonemal complex (SC). This complex is often compared with a zipper (for 
recent reviews see 20,21). In the normospermic human male, progression of recombination 
has been described by Oliver-Bonet and co-workers by using immunofluorescence of a 
protein set involved in recombination nodules 22. 
 Gamma H2AX denotes the phosphorylation of the H2A variant H2AX at serine 139, 
a post translational modification most often associated with DNA repair (for a recent 
review see 23). During male meiotic prophase in mammals, the repair of SPO11 induced 
DSBs is not systematically visualized by the phosphorylation of H2AX in neighbouring 
chromatin. In the male mouse 24 as well as in the human male 25 typical γH2AX signals, 
originating from the SC and protruding along the chromatin (termed L-foci 24), represent a 
small subset of DNA DSB repair events at the pachytene stage. In the one human male 
of proven fertility studied, L-foci were found to be able to colocalize with RPA but not 
with MLH1 (only small γH2AX signals on MLH1 foci in 10% of nuclei) 25. In the mouse, 
L-foci did not colocalize with MLH1 either 24. In the human female, a significant 
association of γH2AX with MLH1 foci, decreasing from 40% at early pachytene to below 
7% at late pachytene was reported by Lenzi et al. 26. In the mouse germline, more intense 
γH2AX signals can be induced by ionizing irradiation (pachytene 24, pachytene and 
round spermatids 27), demonstrating their DNA DSB dependence. Increased numbers of 
L-foci are also observed in mice knock-out for genes involved in the processing of 
homologous recombination repair intermediates such as Rad54 27, Blm 28, Btbd12 29, 
Mus81 30, Ercc1, and p53 31. These results provide strong evidence for the fact that 
interfering with recombination leads to an increased chance for γH2AX L-foci to develop. 
 We have focussed our attention on meiotic recombination because of a number of 
interrelated observations. a) In NOA patients, often a surplus of the early first meiotic 
prophase stages leptotene and zygotene is noted (32 and reviewed in 33) indicating a 
problem with the homology search. b) in previous reports an increased frequency of 
synaptic problems at pachytene was found in this category (reviewed in 33,34), as well as 
c) lower numbers of crossing-over 34,35 and d) increased levels of meiotic non-disjunc-
tion (reviewed by 33,36). Pregnancy rates by TESE-ICSI are lower compared with ICSI using 
ejaculated sperm or sperm from the caput epididymis 37, but are regularly achieved. 
This, in theory, offers an opportunity to estimate the range in recombination nodule 
variation compatible with procreation. 
 In this study we have investigated meiotic recombination in NOA males by means 
of recombination nodule processing and colocalization of nodules with γH2AX L-foci at 
the pachytene stage. We wanted to study γH2AX (damage) marked recombination 
intermediates to gain insight into the incidence of problematic recombination events. 
Table 1  Proband’s details
Patient/
control
Age Diagnosis FSH level 
(IU/ml)
# of ICSI 
cycles
Pregnancy  
(at ICSI cycle #)
P1 27 NOA 31 1 Yes (#1)
P2 29 NOA 3 2 Yes (#2)
P3 37 NOA 13 3 Yes (#3)
P4 32 NOA 20.6 5 No 
P5 35 NOA 15 3 No 
C1 43 OA n.d. - -
C2 48 OA 5.5 1 Yes (#1)
Clinical data from patients (P) and controls (C). In every ICSI cycle several oocytes are fertilized and one or two 
best quality embryo’s are transferred to the uterus. Ongoing pregnancy is defined as a positive heartbeat by 
ultrasound at 12 weeks after embryo transfer. Fertility treatment was not started for control 1 at the time of 
submission. 
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triton-X-100. After rinsing and washing once in PBS, nuclei were stained with DAPI (0.3 
µg/ml) and mounted with Vectashield (Vector). 
Antibodies
To detect SYCP3 a rabbit polyclonal antibody (Abcam, ab15092) was used at 1:200 and a 
goat polyclonal antibody (R&D systems, AF3750) was used at 1:100. To detect γH2AX a 
rabbit polyclonal antibody (Upstate, 07-164) was used at 1:250 and a mouse monoclonal 
antibody (Upstate, 05-636) was used at 1:1000. A rabbit polyclonal antibody against RPA 
provided by D. Schaarschmidt was used at 1:1000 46. A mouse monoclonal antibody 
against MLH1 (BD Pharmingen) was used at 1:100. A rabbit polyclonal antibody against 
RAD51 was used at 1:200 and was provided by R. Kanaar. To detect telomeres a 
monoclonal antibody (TRF2, clone 4A794) was used at 1:100 dilution. Primary antibodies 
were detected by using donkey anti-mouse and donkey anti-rabbit secondaries with a 
green or red fluorochrome at 1:500 dilution (Invitrogen Alexa 488; A21202, Alexa 594; 
A21207). The donkey anti-goat secondary with a blue fluorochrome (Invitrogen Alexa 
350; A21081) was used at a 1:100 dilution.
Image capture and analysis 
Nuclei were captured by a Zeiss AxioCam MR camera on a Zeiss Axioplan fluorescence 
microscope using Axiovision 3.1 software (Carl Zeiss) at an exposure time reflecting the 
microscopic image. For the SYCP3-RPA-γH2AX/SYCP3-MLH1-γH2AX series, 25 early/mid 
and 25 late pachytene nuclei were captured per patient/control man per immuno 
staining. Nuclei of these series were analysed by two observers who were blinded to 
proband details. Data were imported in SPSS to generate an orderly depiction and for 
statistical analysis. When importing, data of the two observers was randomized if 
differences occurred, which was infrequent. Pachytene substages were determined, 
based on SYCP3 staining and electron microscopy surface spread images as described 
before by de Boer et al. 32,47. The stages I, II and III were collectively labeled early and the 
stages IV and V as late pachytene spermatocytes. The RPA patterns were determined 
based on the occupancy of SCs with foci (Fig. S2). Nuclei were classified as having a ‘full’ 
RPA pattern when all SCs were fully or almost fully occupied by RPA foci as closed chains. 
When only short stretches of adjacent RPA foci were found on the SCs, nuclei were 
classified as ‘intermediate’. In nuclei classified as ‘isolated’, single RPA foci in varying 
numbers were found, among which there often were more intensely stained and 
enlarged ones. An ‘empty’ pattern code was given to nuclei without any clear RPA foci. 
To investigate alterations in speed of RPA decrease between XY and autosomal SCs, 
subjective ratios were determined: ‘More’ indicates nuclei that show relatively more and 
‘less’ indicates fewer RPA foci on XY axial elements than on autosomal SCs. If no 
difference between autosomal SCs and XY axial elements was found, nuclei were 
classified as ‘equal’ (see Fig. S2 for examples). Based on MLH1 foci intensity and coverage 
deletions and none were found. Biopsies were taken following the procedure of Silber 39. 
From all probands a drop of spermatogenic cell suspension was smeared on a micro- 
scope slide prior to sperm retrieval. Cells were Giemsa stained and pachytene sperma-
tocytes, spermatozoa and Sertoli cells were counted. In Table S1, ratios between 
pachytene nuclei and mature elongated spermatids (sperm) and between mature 
elongated spermatids and Sertoli cells are given. The latter ratio indicates the 
spermatogenic activity of the tissue sampled, the former ratio the efficiency of the 
production of mature spermatids per meiotic cell. Although not strictly comparable 
with histological studies, our data are in line with those published 40-42. For control men 
1 and 2 histology of the biopsy was also evaluated by the Johnsen score 43 and found to 
be normospermic (scores of 9.1 and 9.5 respectively with tubule scores of only 9 and 10). 
Remnants of the testicular samples were available for research after successful sperm 
retrieval. All men signed an informed consent for participation in a project to evaluate 
TESE-ICSI treatment, which was approved by the Dutch Central Committee on Research 
Involving Human Subjects (CCMO - NL12408.000.06).
Surface spread preparations
Nucleus spreads were made as described by Peters et al. 44 with minor modifications. 
Briefly, a suspension of spermatogenic cells was made by crushing the remnant 
seminiferous tubuli with two ribbed forceps in a drop of SIM (spermatocyte isolation 
medium 45). Remaining tubular remnants were separated from the cell suspension by a 
quick spin (25 G). Supernatant was transferred to a clean tube, centrifuged for 7 minutes 
(159 G), and the pellet was resuspended in 1 ml SIM. An equal volume of a hypotonic 
solution (17 mM sodium citrate, 50 mM sucrose, 30 mM Tris.HCl pH8.2) was added for 7 
minutes. Cells were centrifuged again (7 minutes, 159 G) and resuspended in 100 mM 
sucrose (pH8.2) at a concentration of 10-15 x 106/ml. Two 5 µl drops were pipetted onto 
a PFA (1% PFA, 0.15% triton-X-100 pH 9.2) fluid coated microscope slide which was placed 
in a levelled humid box for ~75 minutes, rinsed twice in 0.08% photoflow (Kodak), and 
air dried. Slides were stored at -80° until use.
Immunofluorescence (IF)
Surface spread preparations were washed twice in PBS containing 0.05% triton-X-100 
and blocked for 1 hour at 37°C (blocking buffer: 1 % bovine serum albumin, 10% normal 
donkey serum in PBS containing 0.05% triton-X-100). Primary antibodies were diluted in 
blocking buffer, and slides were incubated for 20 minutes at 37°C, followed by overnight 
incubation at 4°C (when using the MLH1 antibody we incubated 2 nights at 4°C) 
extended by 20 minutes at 37°C. Then slides were rinsed and washed once in PBS 
containing 0.05% triton-X-100 and afterwards rinsed and washed once in PBS. A second 
30 minute blocking step was applied in blocking buffer without triton-X-100, followed 
by a 2 hour incubation with the secondary antibodies diluted in blocking buffer without 
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of SCs, nuclei were classified into 5 groups (Fig. 3a-e). Groups 1 to 3 contain nuclei that 
have foci on all to nearly all SCs but in a declining intensity. To check the objectivity of 
the intensity scoring system we used Image J to determine the average foci intensity in 
a subset of nuclei of the MLH1 1-3 groups selected from all probands (fig. S4). Foci 
displaying an intensity above a set threshold were measured. Group 4 contains nuclei 
that show foci on less than half the SCs that often are weak. In group 5 nuclei, no MLH1 
foci could be discerned with certainty. As to the evaluation of signals for γH2AX, we 
have adopted the system introduced by Chicheportiche and co-workers, using the 
monoclonal anti γH2AX antibody 24. Numbers of clearly discernable L(arge)-foci 
(protruding more than 2 times the size of an RPA focus from the SC into loop domain 
chromatin) were counted. S(mall)-foci go hardly beyond the width of the SC 24 (Fig. S1d) 
and have not been investigated in detail. To determine the extent of colocalisation 
between RPA and MLH1, two SYCP3-RPA-MLH1 series of 50 pachytene nuclei each were 
captured from probands C1 and P3 (see Table 1).
Results
γH2AX in human male meiosis
In order to first obtain a more detailed insight into the γH2AX staining patterns of 
human male meiotic prophase stages, we applied IF of γH2AX by using the monoclonal 
antibody combined with SYCP3 to follow SC formation. Sixty six leptotene nuclei and 82 
zygotene nuclei from 6 men (P6-11, Table S1) were evaluated. In contrast with previously 
published results on γH2AX in human meiosis 25 (using a polyclonal antibody and 
observing strong overall gH2AX staining), we observed at the leptotene stage a very 
faint dotted γH2AX signal (Fig. 1a) with stronger spots/little domains coming up in later 
leptotene nuclei colocalising with developing axial elements (Fig. 1b) at the telomeric 
regions (tested by IF with SYCP3 and TRF2, fig. S1a) 48. At the early zygotene stage, 
increasingly bright focal γH2AX domains were observed, that in many cases originated 
from developing axial elements, approaching each other at the telomeric ends of 
homologues (Fig. 1c, Fig. S1b). At mid zygotene, signals of variable sizes and originating 
from SC components mostly remained focal (Fig. 1d,e). At late zygotene, signals regularly 
were at synaptic forks, but were not systematically present in a high intensity in 
asynapsed regions (Fig. 1e). In a small series of nuclei (n = 27) we checked for γH2AX 
signals adjacent to DNA DSB repair patches (early recombination nodules) marked by 
RAD51. These usually were found (Fig. S1c,d). Next to the lack of a systematic γH2AX 
response at asynaptic axial elements (Fig. 1f) we observed at pachytene (besides XY 
body staining) additional SC born γH2AX signals (S-foci and L-foci) as described before 
in the mouse 24 (see M&M section image capture and analysis, Fig. 1g). These foci were 
not rare in this material and could indicate a disturbance in the progression of 
Figure 1   γH2AX staining patterns during human meiotic prophase I
A B C D
E F G
SYCP3
γH2AX
Merge
SYCP3
γH2AX
Merge
*
*
A-G In the merge panels the nucleus is indicated in blue (DAPI staining). Scale bar: 10 μm.
 A Early leptotene nucleus showing small stretches of axial elements. Almost no γH2AX signal was detected 
throughout the nucleus.  
 B Mid-late leptotene nucleus showing a subset of developing axial elements colocalising with intense 
γH2AX patches of varying but small size. 
 C Example of an early zygotene nucleus with axial elements starting to synapse (arrow). γH2AX domains of 
increasing size were found to originate from axial elements mainly at telomeric regions.
D,E  Mid-late zygotene nuclei with few unsynapsed axial elements and focal γH2AX domains, some protruding 
along chromatin loops away from the SC (arrowhead). Signals were also found at synaptic forks (arrow). 
 F Early pachytene nucleus with extensive γH2AX staining at the XY body (*) and several asynaptic sites 
(arrowhead) which are not systematically marked by γH2AX. 
 G Example of a late pachytene nucleus with strong staining at the XY body (*) and two L-foci (arrows).
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in 45% of cases the focal distribution resembled the ‘intermediate’ category for autosomal 
bivalents and in 29.5% 6 or fewer distinct foci were counted. Figure S2 (a,b, and e) shows 
early pachytene XY axial elements occupied by RPA with a strong signal at PAR1 (Fig. S2a, e). 
Transition of RPA to MLH1
During progression of pachytene, part of the RPA containing early/transitional recombination 
nodules metamorphose into late MLH1 containing recombination nodules, which 
infrequently can still show RPA 22. To confirm this observation with an emphasis on late 
pachytene we probed two probands for RPA and MLH1 (C1 and P3, Table 1). More 
overlap between RPA and MLH1 was observed in early pachytene (not quantified) 
recombination nodule development. Therefore we first studied the kinetics of these 
nodules by probing with RPA and MLH1. 
RPA in early to late pachytene spermatocytes
To investigate the progression of recombination nodules, we used RPA as a processing 
marker for early recombination events. We studied the RPA staining pattern (see M&M 
section image capture and analysis and Fig. S2) during the pachytene substages to 
determine variation between probands. As described by Oliver-Bonet and co-workers, 
RPA peaks at late zygotene and decreases during pachytene 22. We observed this pattern 
in all probands. Figure 2a shows that in early pachytene spermatocytes most nuclei 
contain SCs that are fully packed with RPA nodules. In the late pachytene spermatocytes 
most nuclei contain SCs that only show a small number of RPA foci (Fig. 2b). Within early 
and late pachytene, males were heterogeneous in the speed of RPA nodule loss (Fig. 
2a,b).
 Next, we investigated the decrease of RPA foci on XY axial elements relative to 
autosomal SCs at early and late pachytene (see Fig. S2 for examples). As an initial analysis 
could not identify differences between probands at late pachytene, data of the 7 
probands were pooled to provide a better overview. The percentages of nuclei showing 
an accumulation of RPA nodules on XY (‘more’) are remarkable in the ‘intermediate’ and 
‘isolated’ RPA categories of both early and late pachytene (Fig. 2c,d), indicating a slower 
repair of DNA DSBs of XY compared to the autosomes. Nuclei showing fewer RPA foci at 
XY compared to autosomes were mainly detected in early pachytene displaying a ‘full’ 
RPA pattern (Fig. 2c). Concomitant with a further decrease of autosomal RPA foci in late 
pachytene nuclei, also foci on XY decreased though with a large variation between 
nuclei (Fig. S3). 
 A subset of early pachytene nuclei from all probands with synapsed sex chromosomes 
was selected to study X (n = 51) and Y (n = 67) chromosome RPA occupancy in more 
detail. PAR1 was in most cases recognized as the only synapsed region, and showed 
clear RPA foci in contrast with PAR2 that when synapsed showed RPA foci, albeit less 
intense. In 20% of nuclei synapsis was found for both PARs. For the Y axial element an 
RPA signal was found at PAR1 in 66 nuclei. In 30% of nuclei the PAR1 synapsed stretch 
seemed to be extended between the X and Y axial elements, which might indicate at 
non-homologous synapsis. On the non-PAR Y axial element, RPA could be clearly visible 
as a single dot to a few or a row for up to about 70% of its length coming from PAR1 
(57% of nuclei). Two nuclei showed a signal in subtelomeric Yq in the absence of synapsis 
at PAR2. For the X axial element, RPA foci varied from sparse to abundant and occasionally 
a faint signal colocalised with a segment. Foci were from small (hardly exceeding the 
width of the axial element) to very conspicuous, but never seemed enlarged as was 
found on the autosomal SCs (as will be described in the last section). Of the 51 early 
pachytene nuclei investigated, in 25.5% of cases, the whole X axial element was occupied, 
Figure 2   RPA staining pattern on XY and autosomes in early and late pachytene 
spermatocytes
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A The RPA patterns in early pachytene spermatocytes for the seven probands. For Chi-square analysis, 
intermediate, isolated and empty categories were pooled: df 6, p<0.01.
B The RPA patterns in late pachytene spermatocytes for the seven probands. For Chi-square analysis, full, 
intermediate and isolated categories were pooled: df 6, p<0.05.
C The subjective ratio between RPA foci on XY and on autosomal SCs at early pachytene was determined for 
the RPA patterns. Ratios were determined as more, equal or less RPA foci on XY compared to autosomes. 
Significance was determined by Chi-square analysis: df 4, p<0.001.
D The ratio between RPA foci on XY and on autosomal SCs in late pachytenes was determined for the RPA 
patterns. Ratios were determined as more, equal or less RPA foci on XY compared to autosomes. Significance 
was determined by Chi-square analysis: df 4, p<0.001.
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compared to late pachytene. In late pachytene nuclei with a ‘full’ MLH1 pattern (M&M 
section image capture and analysis) and ‘isolated’ RPA pattern, only few colocalising foci 
could be detected (C1 mean 1.7, n=10, P3 mean 0.8, n=10). This indicates that most 
remnant RPA foci of normal size do not represent late recombination nodules as defined 
by crossing-over, i.e. the presence of MLH1 (see also Fig. 4f). 
MLH1 in early to late pachytene spermatocytes
Figure 3a-e illustrates the classification of MLH1 patterns and intensities into 5 groups 
(see M&M section image capture and analysis). We first determined the frequencies of 
nuclei containing foci on all to nearly all SCs (groups 1,2,3) and nuclei containing partly 
occupied SCs (group 4) or no foci at all (5) (Fig. 3f,g). No variation was detected among 
probands in early pachytene (Fig. 3f). However, at late pachytene differences were 
observed (Fig. 3g). Next we subjectively determined the average intensity of group 1-3 
MLH1 foci among probands which is depicted in Fig. 3h. To check our subjective 
classification we determined the average MLH1 foci intensity of group 1-3 nuclei using 
image J as well (Fig. S4). Significant differences in intensity levels were found between 
the groups indicating the validity of our subjective scoring method. Both in early and 
late pachytene, variation among probands is present. Usually there was an increase in 
intensity from early to late pachytene, which also varied among probands. The number 
of MLH1 foci was counted in 10 nuclei of every man (Fig. 3i). Significant differences were 
found among them (Fig. 3i), with P1 and P2 showing low numbers relative to the normal 
range. The intensity of MLH1 foci in late pachytene was not related to the average 
number of foci as indicated by the Spearman rank correlation test (rs: 0.46, p > 0.05). 
γH2AX L-foci in combination with RPA or MLH1 
To study the relationship between recombination nodules and γH2AX signalling, we 
investigated γH2AX L-foci (Fig. 4). Frequency distributions were studied for outliers 
influencing average numbers of associations (γH2AX + RPA/MLH1), which were not 
observed. For each γH2AX L-signal we first determined association with RPA (Fig. 4d). 
Enlarged RPA foci (Fig. 4b) were specifically recorded. The contribution of L-foci associated 
Figure 3   MLH1 foci dynamics, intensity and numbers at late pachytene 
spermatocytes
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A-E Examples of nuclei showing the three MLH1 staining intensity categories from high (1) to low (3) and few 
(4) or no foci present (5). Scale bar: 10 mm.
 F Percentage of nuclei belonging to staining category 1-3, 4 or 5 is shown for early pachytene spermatocytes 
of the seven probands. For Chi-square analysis categories 4 and 5 were pooled: df 6, not significant.
 G Percentage of nuclei belonging to staining category 1-3, 4 or 5 is shown for late pachytene spermatocytes 
of the seven probands. For Chi-square analysis categories 4 and 5 were pooled: df 6, p< 0.01.
 H Intensity of category 1-3 MLH1 foci was numerically expressed by giving nuclei of category 1 three points, 
nuclei of category 2 two points and nuclei of category 3 one point. The average intensity was determined 
for early and late pachytene nuclei. Chi-square analysis was performed on the distribution between 
probands of nuclei over the staining categories (1-3). Early pachytene: df 12 p< 0.01 and late pachytene: 
df 12 p< 0.001.
 I For each proband, the number of MLH1 foci was counted in 10 nuclei of staining categories 1-3. Symbols 
indicate the mean number of MLH1 foci and error bars the range. Variation between probands was 
analysed by one way ANOVA, F 663 = 6.55, p< 0.001. Tukey analysis was performed to specifically identify 
differences between two probands as indicated by horizontal lines; * indicates a difference with p< 0.05, 
** with p<0.01, and *** with p<0.001.
Ch
ap
te
r  
3
Im
m
un
of
lu
or
es
ce
nt
 c
ha
ra
ct
er
is
at
io
n 
of
 m
ei
ot
ic
 r
ec
om
b
in
at
io
n 
in
 h
um
an
 m
al
es
 w
it
h 
va
ria
b
le
 s
p
er
m
at
o
g
en
es
is
88 89
with RPA (normal and enlarged) to the total number of L-foci was determined for each 
proband (Fig. 4d). Both in early and late pachytene, L-foci associated with normal sized 
RPA make up the largest part, a pattern observed for each proband. Variable numbers 
of L-foci were detected among them (Fig. 4d). In all but one (P5), more L-foci were found 
in late pachytene compared to early pachytene (Fig. 4d) but variation was detected in 
the degree of this increase. Highest numbers of L-foci were found in P3. 
 In all, our data indicate that recombination nodules with RPA which stay longer are at a 
higher risk for γH2AX labelling. Therefore, we determined the number of remaining RPA 
foci in the late pachytene nuclei displaying an ‘isolated’ RPA pattern, as most late pachytene 
nuclei belong to this group (Fig. 4e). Probands showed variation in the ratio of RPA foci 
with γH2AX/without γH2AX. Most males had a higher number of RPA foci without a 
γH2AX mark, however two (P1 and P3) showed the opposite pattern. A high correlation 
was found between numbers of L-foci in late pachytene (Fig. 4d) and the ratio between 
RPA + γH2AX/total RPA (Fig. 4e) (Spearman rank correlation test r
s
:0.96, p<0.01).
 To estimate the colocalisation frequency between MLH1 and γH2AX, a polyclonal 
antibody for γH2AX was used. Compared with the RPA labelling experiments involving 
the monoclonal γH2AX antibody, total numbers of L-foci for early and late pachytene 
differed. Generally, levels were lower and also the ranking of probands was not the 
same. For all probands at both early and late pachytene, the fraction of L-foci associated 
with MLH1 was smaller then the fraction without MLH1, which is the opposite for RPA 
(compare fig. 4d with f). A higher relative labelling of RPA by γH2AX (Fig. 4e) is related to 
less bright MLH1 CO foci in late pachytene (Fig. 3h) (r
s
:0.714, p=0,05).
Discussion
In this study we have analyzed the kinetics of transitional and late recombination 
nodules during first meiotic prophase in testicular biopsies from seven men, of which 
five were diagnosed with non-obstructive azoospermia and two had a history of normal 
fertility before a vasectomy. Transitional nodules were marked by RPA and late nodules 
by MLH1. We have identified γH2AX signals emanating from the SC and studied 
Figure 4   L-foci colocalisation with RPA and MLH1 foci in late pachytene 
spermatocytes
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A-C Scale bar: 10 mm.
 A Example of a pachytene nucleus showing L-foci associated with normal RPA foci (arrows), the dotted 
squares zoom in at an L-focus (upper and lower panel). Arrowheads show L-foci without RPA. The XY body 
is indicated by *.
 B Example of a pachytene nucleus showing an L-focus associated with an enlarged RPA focus. The dotted 
square zooms in at an L-focus associated with an enlarged RPA focus. The XY body is indicated by *.
 C Example of a pachytene nucleus showing several L-foci associated with MLH1 (arrows), the dotted square 
zooms in at an L-focus. Arrowheads show L-foci without MLH1. The XY body is indicated by *.
 D The average number of L-foci for all probands in early and late pachytene determined by the monoclonal 
γH2AX antibody. Variation between probands was analysed by the Kruskall-Wallis test: early pachytene 
L-foci with RPA, Chi-square 26.9, df 6, p<0.001; early pachytene L-foci with enlarged RPA, Chi-square 10.4, 
df 6, p>0.05 ; early pachytene L-foci without RPA, Chi-square 16.9, df 6, p<0.05; late pachytene L-foci with 
RPA, Chi-square 16.4, df 6, p<0.05; late pachytene L-foci with enlarged RPA, Chi-square 14.1, df 6, p<0.05; 
late pachytene L-foci without RPA, Chi-square 9.9, df 6, p>0.05. 
 E Average numbers of residual RPA foci on the autosomes in late pachytenes with an ‘isolated’ RPA pattern 
were determined for the seven probands. The ratio of the two types of RPA events (with and without 
γH2AX) over probands was tested for homogeneity by Chi-square analysis: df 6, p<0.001. Variation 
between probands on total numbers of RPA foci was analysed by Kruskall Wallis test: Chi-square 13.96, df 
6, p<0.05.
 F The average number of L-foci with and without association with MLH1 was determined for all probands 
in early and late pachytene by using the polyclonal γH2AX antibody. Variation between probands was 
analysed by the Kruskall-Wallis test: early pachytene L-foci with MLH1 Chi-square 18.8, df 6, p<0.01; early 
pachytene L-foci without MLH1 Chi-square 46.7, df 6, p<0.001; late pachytene L-foci with MLH1 Chi-square 
14.2, df 6, p<0.05; late pachytene L-foci without MLH1 Chi-square 42.2, df 6, p<0.001.
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crossing-over route: Blocking this pathway by knock out of MLH3 leads to increased IF 
expression of BLM 28. When BTBD12 function is compromised, the number of MLH1 foci 
is increased 29.
 Apart from the canonical MSH4/5, MLH1/3 route of crossing-over, a minor second 
CO pathway in mouse makes use of the highly conserved MUS81 endonuclease pathway 
30. The fact that this pathway is free of crossing-over interference and when blocked, 
leads to upregulation of the MSH4/5, MLH1/3 CO pathway 30, points towards a role for 
MUS81 in the regulation of CO vs NCO also. MUS81 is a conserved protein and is 
expressed in the human testis (BioGPS.gnf.org). Human chiasma counts 54 are very 
similar to MLH1 counts 33,55. However, both show high variation within and between 
males, making it difficult to determine whether there would be a difference between 
chiasma and MLH1 foci counts on a per cell basis, offering a possible contribution of 
MUS81 to the CO pathway in the human.
 Probands were not heterogeneous in acquiring MLH1 at early pachytene. We found 
however, MLH1 foci to be variable between patients as to intensity of the signals 
observed in early and in late pachytene. Also two patients (P1, P2) had mean MLH1 
counts that were at the lower range of average values, based on men with normal or 
near-normal spermatogenesis (46.2-54.5 55, 42.5-55.0 56, 42.6-50.4 35) in line with reports 
on lower counts in NOA (reviewed in 33). When studying expression of MSH4 and MSH5 
per spermatocyte by RT PCR, Terribas and co workers 57 noted that RNA levels of both 
MutS homologues were reduced in males with compromised spermatogenesis. Hence, 
variation in expression of MLH1 might well be an explanation for the observed variation 
in foci intensity. Lower MLH1 foci intensities at late pachytene were found to correlate 
with a higher occupation rate of RPA foci with γH2AX. This indicates that substantial 
γH2AX signaling in the RPA marked NCO pathway influences the CO pathway (or vice 
versa) leading to a lowered MLH1 capacity. Alternatively, suboptimal DNA repair could 
influence both the CO and NCO pathway.  
 From the biopsy samples used here, P3 stands out for showing a coherent pattern: 
a delay in loss of RPA foci, a delay in the acquisition of MLH1 foci, an initially very low 
intensity of these foci, a high number of late pachytene γH2AX positive RPA foci and a 
very high occupancy of late RPA foci with γH2AX. Also, with the polyclonal antibody, 
this man had high levels of colocalisation between MLH1 and γH2AX. Interestingly, at 
the third ICSI attempt a pregnancy was established (Table 1). Furthermore, 3 men (C1,C2 
& P4) had near normal rates of meiotic prophase stages per sperm in the wet preparations 
and 4 (P1-3,5) clearly had a paucity of sperm (Table S1). The probands with normal 
spermatogenic efficiency ratios (C1,C2 & P4) tended to have more intensive MLH1 foci, 
in line with results described by 57.
 It is not yet possible to link γH2AX signaling of mainly NCO directed recombination 
intermediates with known mutation patterns in the human population. The suggestion 
here is that this type of signaling can be more often found in men with a high pachytene/
colocalisation with the recombination nodules. Both at early and late pachytene, men 
were heterogeneous as to the loss of RPA marked transitional recombination nodules. 
The appearance of late recombination nodules marked by MLH1 was uniform at early 
pachytene. Men differed in both the absolute levels of γH2AX foci and in the fraction of 
RPA foci marked by γH2AX. There was a high correlation between these two parameters 
at late pachytene. Men also differed in the intensity of the MLH1 foci at cross-over sites. 
Our data suggest that a higher fraction of RPA marked by γH2AX is observed when 
MLH1 foci are less bright. The remnant spermatogenic cells and cellular associations 
that are available after sperm retrieval (TESE) for ICSI offer abundant material for this 
type of analysis. In our sample of 7 men, 4 fathered a child via ICSI (Table 1). Our results 
warrant further study into male meiotic stability in human artificial reproduction. 
 We found the two Upstate γH2AX antibodies not to give congruent results on SC 
involved signaling. The number of signals detected with the polyclonal antibody was 
generally lower and signals less bright. Using the polyclonal one, male meiotic 
recombination involved γH2AX signaling was initially overlooked in the mouse 49 and 
became only apparent with use of the monoclonal antibody 24. When comparing 
average numbers of L-foci in the mouse 24 with our results in human, both generated by 
the monoclonal antibody, we can conclude that on average γH2AX signaling in mice is 
slightly lower. 
 Both in early and late pachytene, we found γH2AX foci to largely associate with RPA. 
We found a decrease in colocalisation between RPA and MLH1 from early to late 
pachytene and an increase in γH2AX L-signals associated with RPA foci. These γH2AX 
marked RPA foci seem to involve recombination intermediates that are resolved towards 
a NCO (gene conversion) event but are delayed in processing. Based on a molecular 
analysis at the DNA level of recombination products, Guillon et al. 16 noted that 
recombination, whether in the NCO or the CO direction, proceeds over mid to the end 
of late pachytene in the mouse.  
 As mentioned in the introduction, evidence for the presence of γH2AX L-foci at 
recombination intermediates has been obtained in several mouse genetic models (a.o. 
Rad54, Blm and Btbd12 knock-outs). These three models address aspects of resolving 
recombination involved joined DNA molecules (dHJs). RAD54 is involved in branch 
migration of a dHJ. Branch migration might be involved in determining the length of 
the recombined or gene conversion region. Furthermore it might be involved in 
determining the choice between a cross-over or a non cross-over 50. BLM, which 
colocalises with RPA in transitional recombination nodules 51,52, is generally known to 
downregulate crossing-over 53. BTBD12 is a target of the ATM kinase (for which H2AX is 
a substrate) and possibly has a function in regulating recombination intermediate repair 
in the direction of a second CO pathway (discussed below) 29. The role of these molecules 
in preventing the risks of problematic homologous recombination intermediates is 
supported by interactions (in the mouse) within the MSH4/5, MLH1/3 canonical 
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Supplementary Information chapter 3
Figure S1   Telomeric initiation of synapsis and colocalisation of RAD51 and γH2AX 
in early meiotic prophase I stages
A CB D
SYCP3 SYCP3
TRF2 TRF2
Merge Merge Merge Merge
γH2AX γH2AX
RAD51 RAD51
 A-D In the merge panels the nucleus is indicated in blue (DAPI staining). Scale bar: 10 μm.
 A Leptotene nucleus showing small stretches of axial elements colocalising with TRF2 signal.
 B Early zygotene nucleus with axial elements starting to synapse at telomeric regions (some marked by an 
arrow). Most telomeres were located at one side of the nucleus reminiscent of the bouquet stage 60.
 C Meiotic prophase nucleus with zygotene γH2AX staining pattern, colocalising with numerous RAD51 foci. 
 D Presumable late zygotene nucleus with numerous RAD51 foci largely colocalising with γH2AX S-foci and 
L-spots.
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Figure S2   RPA staining pattern in early and late pachytene spermatocytes
Figure S3   Number of RPA foci on XY at the various RPA staining patterns found in 
late pachytene spermatocytes
Figure S4   Average MLH1 foci intensity in late pachytene spermatocytes
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Average MLH1 foci intensity
in late pachytene spermatocytes
 A-E XY axial elements are indicated by an arrow, PAR1 by an arrowhead. Scale bar: 10 μm.
 A Example of an early pachytene nucleus with RPA pattern ‘full’.
 B An early pachytene nucleus with RPA pattern ‘intermediate’.
 C A late pachytene nucleus with RPA pattern ‘isolated’ and an accumulation of RPA foci on XY (arrow, ‘more’, 
see Figure 2c,d).
 D Example of a late pachytene nucleus without RPA foci (‘empty’).
 E Example of an early pachytene nucleus with RPA pattern ‘full’ and fewer RPA foci on XY (arrow, ‘less’, see 
Figure 2 c,d).
Distribution of the number of RPA foci on XY 
SC and axial elements in late pachytene nuclei 
within their corresponding RPA pattern 
(‘intermediate’, ‘isolated’, ‘empty’). Each grey 
symbol represents a nucleus, the black line 
indicates the mean. Separate foci could be 
discerned up to twenty. If more, the nucleus 
was included in the ‘twenty’ category. 
On the X axis the MLH1 intensity category is 
represented and on the Y axis the average MLH1 
intensity in arbitrary units (AU). Every square, 
triangle or dot represents a late pachytene 
nucleus, the grey line is the category’s mean. 
Variation between categories was analysed by 
one way ANOVA, F 2
69
 = 75.06, p< 0.001.
Table S1   characterization of spermatogenesis in cell suspensions from the biopsy
Patient/control Ratio pach/sperm # sperm per 100 SC
P1 2.14 3.4
P2 2.04 12.2
P3 2.0 0.5
P4 0.48 16
P5 2.23 23
P6 no data no data
P7 0.12 35
P8 0.37 37
P9 0 0
P10 no data no data
P11 2.5 1
C1 0.33 71
C2 0.36 121
Pachytene/sperm ratio (pach/sperm) and the number of sperm per 100 Sertoli cells (SCs) were determined in 
a Giemsa stained sample of the homogenized fresh biopsy.
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Summary
During the last phase of spermatogenesis, spermiogenesis, haploid round spermatids 
metamorphose towards spermatozoa. Extensive cytoplasmic reduction and chromatin 
remodelling together allow a dramatic decrease of cellular, notably nuclear volume. 
DNA packing by a nucleosome based chromatin structure is largely replaced by a 
protamine based one. At the cytoplasmic level among others the acrosome and 
perinuclear theca (PNT) are formed. In this study we describe the onset of chromatin 
remodelling to occur concomitantly with acrosome and PNT development. In spread 
human round spermatid nuclei, we show development of a DAPI-intense doughnut-like 
structure co-localizing with the acrosomal sac and sub acrosomal PNT. At this structure 
we observe the first gradual decrease of nucleosomes and several histones. Histone 
post translational modifications linked to chromatin remodelling such as H4K8ac and 
H4K16ac also delineate the doughnut, that is furthermore marked by H3K9me2. During 
the capping phase of acrosome development, the size of the doughnut-like chromatin 
domain increases, and this area often is marked by uniform nucleosome loss and the 
first appearance of transition protein 2 and protamine 1. In the acrosome phase at 
nuclear elongation, chromatin remodelling follows the downward movement of the 
marginal ring of the acrosome. Our results indicate that acrosome development and 
chromatin remodelling are interacting processes. In the discussion we relate chromatin 
remodelling to the available data on the nuclear envelope and the linker of nucleo-
skeleton and cytoskeleton (LINC) complex of spermatids, suggesting a signalling route 
for triggering chromatin remodelling. 
Introduction
Mammalian spermatogenesis, or the production of spermatozoa, is a complex and 
lengthy process taking around 74 days in humans 1. It is composed of the mitotic phase 
of spermatogonial multiplication, meiosis, and a haploid phase called spermiogenesis 
which comprises one third of the whole process. During spermiogenesis, haploid round 
spermatids gradually metamorphose towards spermatozoa. In human histological 
preparations and based on nuclear morphology, Clermont 2 could identify six steps 
(Sa-Sb1-Sb2-Sc-Sd1-Sd2). In rodents, steps are defined on the basis of periodic acid Schiff 
staining of the developing acrosome, which is divided in the Golgi phase, capping 
phase, acrosome phase and maturation phase 3. In the mouse, 16 steps are distinguished 4. 
The steps of spermatid morphogenesis have fixed relations with the stages of the cycle 
of the seminiferous epithelium, which for mammals including human are denoted by 
Roman symbols 2,4. The end product of spermiogenesis, the spermatozoon, is 
characterized by an extremely condensed nucleus necessary among other reasons to 
protect the genetic material during its journey to the oocyte 5. This metamorphosis 
requires extensive cytoplasmic and nuclear chromatin remodelling, processes that have 
been studied in most detail in the mouse. However, they contain major riddles such as 
the induction and mechanisms of grand scale chromatin dynamics.
 At the nuclear level the archetypical DNA packaging protein complexes, the 
nucleosomes, are largely replaced by relatively small basic arginine and cysteine rich 
protamines in a two step process: eviction of nucleosomes/shedding of histones is first 
followed by the incorporation of transition proteins that subsequently are replaced by 
the even more basic protamines, to finally ensure extensive nuclear condensation (for 
reviews see 5-7. Hence, not all nucleosomes are evicted. In mice, one percent of the DNA 
keeps its nucleosomes 8 and for humans this estimate is higher (10-15%, 9,10).
 The actual nucleosome removal process is prepared by incorporation of testicular 
and haplophase specific histone variants 7,11 in conjuncture with histone post-transla-
tional modifications (PTMs). Of these PTMs H4 acetylation and H2A ubiquitination 12-14 
are the best known. Nucleosome eviction necessitates release of torsional stress 
(supercoiling) which is removed by the formation of DNA strand breaks in which process 
TopoIIβ is involved (mouse 15). In the mouse, histone 4 hyperacetylation starts at step 8, 
around the start of nuclear orientation (the acrosomal side moves towards the cell 
membrane and this side orientates to the tubular basal lamina) and just before nuclear 
elongation 16. DNA strand breaks have been observed in all elongating spermatids at 
step 9 and decreased during steps 10 and 11 17. By immunofluorescence (IF), transition 
proteins in mouse have first been observed on histological sections at steps 10, 11 18 
followed by protamine 1 (P1) at step 11 and protamine 2 (P2) at step 12 18 (faint signals 
were found one step before). In humans, H4 acetylation is already observed at the round 
spermatid steps Sa-Sb1 (stages I – III) 19. DNA strand breaks have been demonstrated at 
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regions is not apparent 36. Also men with a failed vaso-vasostomy can be helped by this 
form of artificial reproduction technique. We have used remnants of testicular biopsies 
to describe chromatin remodelling in human spermatids in relation to changes in shape 
and structure of the nucleus. This IF based analysis has mainly been executed on 
spermatid nuclei spread in one focal plane. By this approach, we have been able to 
describe chromatin remodelling as a downstream consequence of landing of the 
acrosomal vesicle and granule, via the SAL-PNT/acroplaxome, on the apical surface of 
the nucleus. From here, a gradient as to nucleosome and histone loss could be 
constructed. We analysed this process using of a number of histones and histone PTMs 
and included pre-P2 to P2 processing.
Results 
Appearance of a doughnut-like structure during spermiogenesis
The DAPI characteristics of human round spermatids after nucleus spreading have 
previously been established using X, Y DNA FISH for identification as only one signal is 
observed 37 (and data not shown). A DAPI-intense doughnut-like structure was frequently 
observed (Fig. 1A). Several sizes were found, next to round spermatids without one, 
indicating a gradually developing/growing structure in which we defined four types 
(Fig. 1A). We also observed nuclei in which the DAPI-intense structure was located at 
one side of the nucleus losing the DAPI negative centre. These nuclei had a less regularly 
curved nuclear outline (Fig. 2A, Type 5). We interpreted these nuclei as the transition 
towards the elongating spermatid stage. At this time point, a DAPI-intense cap-like 
structure is noticed at the apical site of the nuclei that moves towards the implantation 
fossa of the tail which often can be observed during nucleus elongation and 
condensation (the tail is usually lost in the spreading procedure) (Fig. 2A). Elongating 
spermatids were classified (based on nuclear size and distribution of DAPI intensity) into 
four types as well (Fig. 2A). From type 7 on, a sharp boundary of the cap-like structure 
could often not be observed anymore, as the DAPI intensity was more evenly distributed 
within the nucleus. In type 8 elongating spermatids the apical side is lighter, while the 
basal/tail side is DAPI bright. Integrating these observations, the DAPI demarcated 
cap-like structure is the continuation of the DAPI-intense doughnut-like structure. These 
morphologies were encountered in all probands (Table S1). In this report, we present an 
analysis of the pooled images over probands 
Relation between the doughnut-like structure and the acrosome
The doughnut- and cap-like structure remind of the developing acrosome. We therefore 
stained with acrosin, a proven acrosome marker 25 to investigate co-localisation. Fig. 1B 
and 2B show overlap between the acrosome and the two DAPI defined structures, 
step Sb1 (stage III) 17. Transition protein 1 (TP1) is present at steps Sb1-Sb2 (stage III-IV) 
and TP2 is present from step Sa-Sc (stage I-V) 20,21. P1 and P2 are first observed in steps 
Sb2-Sc (Stage IV/V) of human spermiogenesis 20,22. 
 P2 is transcribed as a pro form leading to pre-protamine 2 (pre-P2), that has to be 
proteolytically processed (for a review see 23). Protamine incorporation requires a cycle 
of phosphorylation and dephosphorylation (reviewed in 20). By in vitro radioactive 
labelling of protamines in mouse and rat seminiferous tubules, it has been determined 
that the cycle of phosphorylation and dephosphorylation occurs only after proteolytic 
processing of pre-P2 has been started. This suggests that unprocessed P2 is not 
complexed with DNA 24. 
 During spermiogenesis, several cytoplasmic structures are formed that are in close 
contact with, and involved in shaping of, the nucleus (hence the sperm head) such as 
the acrosome 25, the perinuclear theca (PNT) 26 including the marginal ring and the 
manchette with the perinuclear ring 27. The acrosome is a Golgi derived sac-like structure 
attached to the nucleus around the apical site. The PNT is an electron dense layer which 
almost completely surrounds the sperm nucleus except for the tail implant region 26. 
Two structural and compositional different regions are present in the PNT: the 
sub-acrosomal layer (SAL) and post-acrosomal sheet (PAS) 26. The SAL, also known as the 
acroplaxome 28, is formed first, induced by acrosome-nuclear docking 26 and is described 
as an ‘F-actin/keratin-5 containing cytoskeletal plate’ 27. The PAS is formed in concert 
with a temporal cytoskeletal microtubule network structure, the manchette 26. 
 Summarizing, sperm head shaping and nuclear condensation are tightly regulated 
processes involving proper chromatin remodelling and accurate assembly of cytoskeletal 
(manchette) and cytoplasmic (acrosome) structures as is demonstrated by the many 
mouse mutants that affect this process and hence fertility 25,27.
 By electron microscopy it has since long been known that in mammals, nuclear 
condensation takes place following a gradient from cranial to caudal 29-31. The evidence 
in part has been obtained by lysine PTA staining, which is nearly absent in protamines 
compared to histones and TPs. In the human, the study of chromatin remodelling 
during spermiogenesis is not advancing quickly, which in part is due to the ethical 
aspects of acquiring experimental material and the absence of an in vitro system. 
Another aspect is that human spermatogenesis stands out as variable as to sperm 
production, head morphology, and motility. These aspects of variation are increased in 
the so called oligo-astheno-teratozoospermia syndrome (OAT) that affects 1 in 4 infertile 
men 32. Male sub and infertility can be assessed at 7% of the male population trying to 
reproduce 33, and has among others been associated with incomplete chromatin 
remodelling towards the protamine dominated state 34,35.
 Due to developments in the treatment of male fertility (TESE-ICSI: the injection of a 
testicular derived spermatozoon in the oocyte), testicular biopsies are now taken on a 
regular basis. In many of these, a distinctive pathology in the focal spermatogenesis 
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Figure 1   Round spermatid nuclei in succeeding steps of human spermiogenesis Figure 2   Elongating spermatid nuclei in succeeding steps of human 
spermiogenesis
Round spermatids
Type1/Sa Type 2/Sb1 Type 3/Sb1 Type 4/Sb1
A
B
C
D
DAPI
DAPI
Acrosin
DAPI
DAPI
Nucleosomes
P1
Elongating spermatids
Type 5/Sb2 Type 6/Sb2 Type 7/Sc Type 8/Sd
A
B
C
D
DAPI
DAPI Acrosin
Nucleosomes
DAPI
DAPI P1
Types 1-4 have tentatively been assigned to the spermatid morphology nomenclature of Clermont 2.
A Gradual development of a DAPI-intense doughnut-like structure (arrows).
B Localization of acrosin IF staining, the inset (dotted square) shows the DAPI image. 
C  Nucleosome staining (ab #32), the upper inset shows the DAPI image and the lower inset the nucleosome 
staining. 
D P1 staining, the upper inset shows the DAPI image and the lower inset P1 staining. 
Scale bar: 10 µm
Types 5-8 have tentatively been assigned to the spermatid morphology nomenclature of Clermont 2. 
A Gradual development of an initially DAPI-intense cap-like structure (arrows) with the implantation fossa 
indicating the nuclear posterior pole (arrow head).
B Localization of acrosin IF staining, the inset (dotted square) shows the DAPI image . 
C Nucleosome staining (ab #32), the upper inset shows the DAPI image and the lower image the nucleosome 
staining. 
D P1 staining, the upper inset shows the DAPI image and the lower inset P1 staining. 
Scale bar: 10 μm.
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demonstrating the cap-like one to evolve from the doughnut. Next to acrosin we 
stained for the subacrosomal part of the PNT (SAL-PNT/acroplaxome), the cytoskeletal 
plate attaching the acrosome to the nucleus (Fig. 3H). Fig. S1 clearly shows overlap 
between the acrosome, the SAL-PNT/acroplaxome and the doughnut-/cap-like structure. 
The SAL-PNT/acroplaxome covers the complete DAPI-intense doughnut-/cap-like region 
in contrast with the acrosomal sac stained by acrosin. 
Nucleosome and core histone removal at the doughnut/cap-like 
structure
Staining with a nucleosome specific antibody (monoclonal #32) revealed a gradual 
decrease of nucleosomes in the doughnut- and cap-like structure starting from type 2-3 
on (Fig. 1C, 2C). IF performed with another marker for nucleosomes (monoclonal PL2/3) 
and antibodies detecting H3.1/3.2, panH3 and TH2B (core histones) show the same 
decrease in signal intensity at the doughnut- and cap-like structure (Fig. 3A-D). In Fig. 
S2A we have attempted to approximate the relative intensity of H3.1/3.2 staining at the 
doughnut in the subsequent types of round spermatids (n=1085). In type 4 round 
spermatids (Fig. 1), with the largest doughnut-like structures, we observed 3 consecutive 
appearances of the doughnut (Fig. S2B,C). A gradual decrease in H3.1/3.2 staining is 
observed over the successive doughnut types enforcing the validity of this sequence in 
time. These data also indicate the process of initiation of nucleosome loss to be variable 
in human round spermatid development.
 In order to determine conservation of staining patterns between species we 
probed mouse round and elongating spermatids for nucleosomes and PNT. The 
DAPI-intense doughnut- (Fig. S3A) and cap-like structure as identified by PNT (Fig. S3B) 
were abundantly observed in mouse spermatids as well and often showed decreased 
intensity of nucleosomes. 
Appearance of basic nuclear proteins
We observed TP2 first in doughnuts of type 4.1 round spermatids (Fig. 3E, Fig. S2). Clear 
P1 signals were detected in doughnuts of type 4.2/4.3 round spermatids (Fig. 1D, Fig. 
S2). In these types, P1 was sometimes also detected elsewhere in the nucleus without a 
signal in the doughnut-like structure. P2 was not observed in round spermatids but only 
in elongating spermatids from type 5 on. Staining patterns suggested localisation in the 
doughnut/cap area first (Fig. 3G and data not shown). Pre-P2 was observed in the 
doughnut-like structure from Type 2 on (Fig. 3F and data not shown). The localisations 
of TP2, pre-P2 and P1/2 (Figs. 1,2,3) indicate that TP and P1 and P2 preferentially spread 
from the doughnut-/cap-like structure into the rest of the nucleus while pre-P2 is only 
present in the doughnut-/cap-like structure and never elsewhere.
 
Figure 3   Examples of round spermatid (type 4) and elongating spermatid  
(type 5/6) nuclei
H3.1/3.2
A
B
C
D
Round spermatids Elongating spermatids
E
F
G
H
DAPI Merge MergeH3.1/3.2DAPI
DAPI H3 Merge DAPI H3 Merge
DAPI TH2B Merge DAPI TH2B Merge
DAPI Merge MergeDAPIPL2/3 PL2/3
DAPI DAPIMerge MergeTP2 TP2
DAPI DAPIMerge MergePre-P2 Pre-P2
DAPI DAPI
DAPI DAPI
Merge
Merge
Merge
Merge
P2 P2
PNT PNT
A. H3.1/3.2 staining; B. panH3 staining; C. TH2B staining; D. PL2/3 nucleosome staining; E. TP2 staining; 
F. Pre-P2 staining; G. P2 staining; H. SAL-PNT/acroplaxome staining. 
Scale bar: 10 µm.
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Chromatin characteristics of the doughnut-/cap-like structure
We showed loss of H3.1/3.2 (Fig. 3, Fig. S2A) and other histone/nucleosome markers 
(Fig. 1,2,3) during doughnut development/progression of spermiogenesis. Therefore, 
we asked ourselves whether this loss is equally represented by staining patterns for a 
number of histone 3 and 4 PTMs. Alternatively, if such a mark is enriched this may 
indicate implication in remodelling. Histone PTM markers for constitutive heterochro-
The doughnut like structure in cryosections
In nucleus spread preparations nuclear morphology is not original anymore. Resistant 
chromatin domains will be accentuated. The nuclei expand in size, but become 
restricted in this respect from the late round spermatid stage on. Therefore we used 
cryosections to confirm our results on polarity of nucleosome eviction in the capping 
phase of acrosome formation. Fig. 4 shows that in cryosections the doughnut- and 
cap-like structure could not be distinguished by DAPI. However, acrosin and SAL-PNT 
staining detect the apical pole of the nucleus (Fig. 4 A-E). SAL-PNT/acroplaxome and 
acrosin gave images reminiscent to the structures found in alkaline nuclear spreads 
indicating that these withstand the nuclear spreading procedure. Fewer nucleosomes 
were found to be present at the apical side of the round/elongating spermatids similar 
to the nucleus spread preparations (Fig. 4B,C). P1 first appeared as a faint signal, enriched 
at the top of the round to elongating spermatid nucleus (Fig. 4D). This did not apply to 
all nuclei (of this one patient), i.e. the reverse pattern, P1 coming up over the remaining 
nucleus and not under the acrosome, reminiscent of EM immunolocalisations in mouse 38, 
was also found (not shown). In slightly more condensed nuclei a P1 spread was seen 
throughout the nucleus (Fig. 4E). From these results we can conclude that morphologically 
similar representations of the SAL-PNT/acroplaxome and acrosome are present in 
cryosections and in alkaline spread nuclei, and that nucleosome loss follows these 
structures.
Histone acetylation marker characteristics of the doughnut- and 
cap-like structure
The first histone PTMs to be associated with nucleosome to protamine chromatin 
remodelling were visualised by using a panH4 acetyl antibody (recognising acetylation 
of H4 on K5,K8,K12 and K16) 16. Here we have tested H4K8ac and H4K16ac with respect 
to staining characteristics of the doughnut-/cap-like structure, the latter recently 
implicated in the action of RNF8 to induce chromatin remodelling 39 and both giving a 
distinct signal in elongating mouse spermatids 40. 
 In round spermatids we could distinguish 4 staining patterns for both H4 acetylation 
markers: (1) staining exclusively at the doughnut; (2) staining throughout the nucleus but 
more intense at the doughnut; (3) even staining throughout the nucleus, and (4) staining 
throughout the nucleus with decreasing intensity at the doughnut (Fig. 5A-D). Although 
numbers of studied nuclei were low (H4K8ac n=23, H4K16ac n=35), we observed a trend 
towards pattern 4 during nucleosome removal (Fig. 5F,G). At the elongating spermatid 
stage, this pattern is the dominant one (Fig. 5E,F,G). These observations confirm that H4 
acetylation is an early signal for nucleosome eviction 19, and also agree with the onset of 
nucleosome loss in the doughnut region of the nucleus. 
Figure 4   Demonstration of spermatid nucleus polarity in cryosectioned round/
elongating spermatid nuclei
A B C D E
Merge Merge Merge Merge Merge
Acrosin PNT PNT PNT PNT
TP2 Nucleosomes Nucleosomes P1 P1
DAPI DAPI DAPI DAPI DAPI
A The doughnut-/cap-like structure is represented by acrosin staining. TP2 is visible throughout the nucleus. 
B The doughnut-/cap-like structure is represented by SAL-PNT/acroplaxome staining, fewer nucleosomes (ab 
#32) are present at the SAL-PNT stained region. 
C The doughnut-/cap-like structure is represented by SAL-PNT staining, fewer nucleosomes (ab #32) are 
present at the SAL-PNT stained region. 
D The doughnut-/cap-like structure is represented by SAL-PNT staining, a small P1 signal is observed at the 
apical, SAL-PNT stained, region of the nucleus. 
E The doughnut-/cap-like structure is represented by SAL-PNT staining, P1 staining has advanced over the 
nucleus.
Scale bar: 10 µm
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legend). H3K27me2/3 followed most closely the loss of H3.1/3.2 (Fig. 6 B,C and Fig. 7,C,E). 
H3K9me2 was most conspicuously present at the doughnut, a pattern presented by up 
to 80% of nuclei and often this mark expanded into adjacent chromatin (Fig. 6A, Fig. 7A). 
H3K9me3 and H4K20me3 staining showed several domains of various size throughout 
the nucleus representing centric heterochromatin, as was determined by co-localisation of 
matin (H3K9me3 and H4K20me3) and euchromatic heterochromatin (H3K9me2 and 
H3K27me2/3) were visualised in spermiogenic nuclei together with H3.1/3.2 as a marker 
for doughnut nucleosome eviction (Fig. 6,7,8). For all marks, a downward trend over 
increasing nucleosome eviction could be noticed (Fig. 6, for significances see the 
Figure 5   H4K8/16ac staining in round spermatids Figure 6   Frequency distributions of H3, H4 PTM staining in round spermatids
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A-E Round (A-D) and elongating (E) spermatids representing the 4 groups of H4K8/16ac staining patterns as 
explained in the results. 
F,G Graphs displaying the relation between H4K8/16ac staining patterns (bars) and the degree of nucleosome 
decrease (F: ab PL2/3, G: ab #32) on the doughnut in round spermatids and the cap-like structure of 
elongating spermatids (X-axis).
Scale bar: 10 µm
A-C Inactive chromatin marker characteristics at the doughnut-like structure (bars), compared to the rest of 
the round spermatid nucleus and in relation to the degree of H3.1/3.2 loss in the doughnut (X-axis). 
‘Overall no signal’ applies to the whole nucleus. 
D,E  Heterochromatin marker characteristics at the doughnut-like structure (bars) in relation to the degree of 
H3.1/3.2 loss at the doughnut (X-axis). 
F,G  The location of heterochromatin domains near the doughnut in relation to loss of H3.1/3.2 in the 
doughnut (X-axis).
A-G Chi-square analysis was performed to test for homogeneity of histone PTM scoring classes over H3.1/3.2 
loss. H3.1/3.2 categories +/- and - indicating loss, were joined. A: PTM categories even, less and overall no 
signal were joined χ2= 2.6 df 1, p=0.11 (ns) n=147. B: χ2= 107 df 4, p<0.001 n=181. C: χ2= 31 df 4, p<0.001 
n=176. D: χ2= 7.6 df 3, p=0.056 (ns) n=147. E: PTM categories no signal and overall no signal were joined 
χ2= 2.5 df 2, p=0.29 n=189. F: χ2= 2.7 df 2, p=0.26 n=197. G: χ2= 3.4 df 2, p=0.18 n=189.
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Figure 7   Staining patterns for H3 post translational methylations in round and 
early elongating spermatids
Figure 8   Staining patterns for constitutive heterochromatin histone PTMs in round 
and early elongating spermatids
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A,B H3K9me2 and H3.1/3.2 staining in a round (A) and elongating (B) spermatid.
C,D H3K27me2 and H3.1/3.2 staining in a round (C) and elongating (D) spermatid.
E,F H3K27me3 and H3.1/3.2 staining in a round (E) and elongating (F) spermatid.
G,H H3K4me2 and H3.1/3.2 staining in a round (G) and elongating (H) spermatid.
Scale bar: 10 µm
A,B H3K9me3 and H3.1/3.2 staining in a round (A) and elongating (B) spermatid.
C,D H4K20me3 and H3.1/3.2 staining in a round (C) and elongating (D) spermatid. 
E,F H3K9me3 and Crest staining in a round (E) and elongating (F) spermatid.
G,H H4K20me3 and Crest staining in a round (G) and elongating (H) spermatid.
Scale bar: 10 µm
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3/4 round spermatids, which probably corresponds to part of Sa (stage II) and Sb1 (stage 
III) spermatids. TP2 and P2 were in most nuclei first noted in the doughnut, quickly 
spreading over the nucleus. P1 is more variable in this respect. In round and elongating 
spermatids, pre-P2 was exclusively found in this region of the nucleus. Hence, we 
assume the doughnut to be the initiation site of remodelling. However, we did not 
observed a decrease in histone/nucleosome staining outside the doughnut-/cap-like 
region (in elongating spermatids (Sc, stages V,VI). This may be caused by the relative 
abundance of these proteins. Although there is a decline in nucleosomes when the 
nuclear volume decreases, the epitopes become compacted as well, leading to an 
intense signal. 
 We showed incorporation of P1 before P2. P1 is already present in round spermatids 
(Step Sb1) while P2 is only observed from the early elongating steps on (Step Sb2). 
Compared to timing of P1/2 incorporation reported in the literature (see introduction) 
we show these proteins to be present earlier, likely resulting from the higher spatial 
resolution our preparation technique offers. Also the order of appearance, P1 before P2, 
is the same as in mouse 18. 
Sub-acrosomal nuclear organisation at the Golgi and capping phases 
Transmission electron microscopy studies in both man and mouse show that landing of 
the acrosome vesicle induces a change in nuclear envelope and underlying chromatin: 
the inner and outer membrane are visible as one layer and the underlying chromatin 
changes into an electron dense configuration 41,42. Also nuclear pore complexes are 
removed from this area 43,44. In the human, landing of the acrosomal vesicle induces a 
depression in the nucleus that at the capping phase restores to a gentle round curve 91. 
The ‘little hole’ we observed in the doughnut types 2,3, and 4.1 could well represent this 
depression following from the acrosomal granule pressing away the chromatin. When 
the acrosomal granule at the capping phase spreads over the nucleus, the hole 
disappears (within type 4). 
 In the somatic nucleus, chromatin is attached to the nuclear envelope (NE) via 
lamins B and A/C, being the main constituents of the nuclear lamina 45,46. This chromatin 
is also labelled by H3K9me2, classifying it as ‘inactive’ euchromatin 47 and is AT rich (65% 
compared to 55% of non lamina associated domains as determined by sequencing, B. 
van Steensel, personal communication). Our images show a higher intensity of AT 
preferring DAPI and H3K9me2 at the doughnut, where a more detailed chromatin 
structure is found (Fig S2 B,C). Could this DAPI intensity, due to resistance to chromatin 
relaxation procedures, be more pronounced by the slight AT enrichment? To gain more 
insight into this matter we searched the literature for the composition of the nuclear 
lamina in round to elongating spermatids, knowing that lamin AC is absent during sper-
matogenesis (mouse 48; human, data not shown).
these domains with a centromere specific antiserum (Crest, Fig. 8 E-H). H3K9me3 and 
H4K20me3 could show specific staining at the doughnut like structure as well, the 
signal decreasing together with H3.1/3.2 loss (Fig. 6D,E and Fig. 8A,C). The centric het-
erochromatin domains were regularly found to be associated with the doughnut like 
structure (Fig. 6F,G and Fig. 8A,C,E,G) which was more obvious for H4K20me3. Association 
of these domains with the doughnut decreased together with H3.1/3.2 loss (Fig. 6F,G).
 Elongating spermatids stained for H3K27me2/3 showed in most cases no or a very 
faint signal throughout the nucleus (Fig. 7D,F). When there is staining, the cap-like 
structure shows less staining following the decrease of H3.1/3.2 (not shown). In a few 
cases H3.1/3.2 was strongly decreased while H3K27me2/3 was still present at the cap 
(not shown). H3K9me2 often showed signal, sometimes strong, in the cap while H3.1/3.2 
is decreased like in round spermatids (Fig. 7B). H3K9me3 and H4K20me3 show centric 
heterochromatin domains similar to the round spermatids. Domains were often found 
at the border of the cap annex other nuclear parts and do not form one distinct 
chromocentre (Fig. 8B,D,F,H). 
 Next to ‘heterochromatin’ modifications, we stained with H3K4me2, a marker for 
active chromatin. This marker showed in the majority of nuclei no difference between 
the doughnut- and cap-like structure and other nuclear parts, even when the H3.1/3.2 
signal was decreasing (Fig. 7G,H). 
Discussion 
In this study we describe the gradual development of a DAPI-intense doughnut-like 
structure in human spread round spermatids metamorphosing towards a cap-like 
structure in elongating spermatids, a pattern also found in mouse. Our results show the 
decrease of nucleosomes and the appearance of protamines at this region. Staining 
with acrosome and SAL-PNT markers showed co-localisation with the doughnut/cap 
like structure. In cryosections we could not identify DAPI-intense domains. In the 
alkaline nuclear spreads, spreading of chromatin can be restricted by structural 
components of the nucleus such as the nuclear matrix, leading to identification of the 
doughnut like structure in this type of preparation. To localise this area in cryosections, 
we applied acrosin and SAL-PNT staining to follow docking and capping of the 
acrosomal vesicle on/over the spermatid nucleus. The behaviour of the acrosome and 
associated structures in spread nuclei and cryosections were the same as to concomitant 
nucleosome loss and initial protamine localisation.
Kinetics of remodelling 
Nuclear spreading provides higher spatial resolution compared to testicular sections. 
Therefore, we were able to show that histone/nucleosome removal starts early in type 
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This could mean that when chromatin remodelling continues, the post-acrosomal NE is 
also involved in the initiation of chromatin remodelling 38. 
 In humans with acrosomeless spermatozoa, a syndrome called globozoospermia, 
sperm heads are round-shaped. Several clinical reports indicate chromatin condensation 
to be abnormal and higher percentages of DNA fragmentation are found 62. Lower 
protamine levels were observed as well, but not in all men 63. In line with this observation 
and the insight we present here, is the observation that in some globozoospermic men 
the subacrosomal change in the NE and underlying chromatin specialisation had not 
developed 64.
Chromatin aspects of polar initiation of remodelling 
Chromatin remodelling in elongating spermatids involves massive breakdown of 
nucleosomes, induced by histone ubiquitination 12,39,65. H4 acetylation is a key step to 
open up chromatin (see in 39) and previously we localised H4K5,8,12 and 16ac in mouse 
elongating spermatids 40. We found H4K16ac and H4K8ac to be enriched in the doughnut 
prior to staining in the remaining nucleus, confirming chromatin remodelling to start in 
the doughnut area. We were not able to demonstrate the presence of DNA DSBs in Sb1 
round spermatids by using the DNA DSB marker γH2AX (not shown). In a pilot study, we 
identified the chromatin remodelling and DNA repair implicated protein PARP1 66-68 in 
the doughnut- and cap-like structure (not shown).
 In the mouse, two chromatin proteins are known to demonstrate polarity of the 
round spermatid nucleus: H1T2 and HMG4 are present at opposite poles of the round 
spermatid nucleus (H1T2 apical from step 5 on (capping phase) 69,70 and HMG4 distal 
from step 9 on (at elongation 71). In the absence of H1T2, chromatin in late elongated 
spermatids and sperm is less compacted and sperm heads are morphologically 
abnormal. Electronmicrographs show an abnormal chromatin structure under the 
acrosomal cap, linking H1T2 to the onset of remodeling.
 Although the images obtained with the available nucleosome and histone type 
and histone PTMs were largely congruent with each other and mostly complementary 
to those obtained with P1 and P2, some noteworthy observations were made. We found 
H3K9me2 and especially H3K4me2 to be present in the apical region of the nucleus in 
the absence of a signal for nucleosomes. Both nucleosome antibodies were mouse 
monoclonals from LUPUS mice. The exact epitope is unknown and therefore detection 
of all nucleosomes may be unlikely. However, loss of signals for H3.1/3.2, panH3, and 
TH2B supported nucleosome eviction. It could be possible that both PTMs are so 
abundant on remaining nucleosomes/histones that detection sensitivity is at stake. 
Alternatively, there could be a conformational change, induced by the eviction process, 
which impedes recognition by the antibodies. Knowledge about nucleosome eviction 
in round and elongating spermatids is scant. Sperm specific histone subtypes such as 
H1T2 and HILS1 are known to play a role (for reviews 72,92. Alternative nucleosome 
 Of the known lamin B splicing products, B1 and the spermatogenesis specific B3 are 
present in the spermatid nucleus 49. By a specific antibody, lamin B can be found over 
the whole nuclear periphery in purified round spermatids (steps 1 – 8) and in mature 
sperm after DTT and CTAB treatment 48. Lamin B3 is not detected in the acrosomal 
region using standard cryo- and paraffin-sections 49,50. 
 Lamin B interacts with many proteins 46 among which the lamin B receptor (LBR) 51. 
LBR candidates to play a role in the phosphorylation of P1 by SR kinase 52,53, which is 
required to avoid precocious complexing with DNA 6 (as also applies to P2 in which case 
CaMKIV is involved 54 and to TP2 55. In their active chromatin bound states, P1 is unphos-
phorylated and P2 predominantly so 56. CaMKIV is targeted to the nuclear matrix in 
elongating spermatids only 54. The fact that we exclusively localised pre-P2 in the 
doughnut- and cap-like structure is additional evidence for the fact that indeed CaMKIV 
is localised to an insoluble nuclear component and that (pre-)P2 phosphorylation and 
proteolytic cleavage are interrelated processes 24. 
 Human LBR has a Tudor domain (recognizing specific histone methylation PTMs) 
that by analogy to the Tudor domain of the double strand DNA break repair protein 
53BP1 is predicted to bind H4K20me2 51. Additional to H3K9me2, we found H4K20me2 
fibrillar staining at the doughnut- and cap-like structure in round and elongating 
spermatids (pilot experiment, data not shown). The marking of doughnut chromatin 
by both H3K9me2 and H4K20me2 adds evidence to a role of the nuclear lamina in 
chromatin remodelling under the acrosomal sac as evidenced by nucleosome and 
histone loss.
 LINC complex proteins (among others the SUN domain transmembrane proteins 
(for review see 57 provide the link between the nucleoskeleton (of which the nuclear 
lamina is an important part) and the cytoskeleton. In mouse spermatids, a polarized 
distribution of these proteins was found from the round spermatid stage on 50. Sun 1 
localises both caudally at the spermatid tail region as well as apically under the acrosome 
while Sun 3 is present only laterally, associating with the manchette area. Recently, 
another SUN domain protein, Spag4l-2, was identified in mouse spermatids, specifically 
localizing at the apical, acrosomal region 58. Conclusively, the LINC complex is indicated 
to function as a communicator between spermatid chromatin and the acroplaxome by 
which signals nucleosome remodelling could be initiated. 
 Another indication for a link between the spermatid nuclear lamina and chromatin 
remodelling during spermiogenesis is provided by Mgcl-1 mutant mice 59. Morphological 
abnormalities in the majority of sperm and an extended presence of TP2, lower P1,P2 
levels and accumulation of pre-P2 were observed. In wild-type mice, MGCL-1 locates to 
the nuclear lamina, where it associates with LAP2b (lamin associated polypeptide) 60, 
which binds lamin B. In knockout mice, NE abnormalities are found from the sperma - 
tocyte stage on. In histological preparations of elongating spermatids Lamin B and 
LAP2b are both found at the posterior side of the nucleus (LAP2b 50,61 and Lamin B3 49,50). 
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Sperm Injection using testicular spermatozoa in men with azoospermia: an observational 
study’. CCMO - NL12408.000.06
Human testis material
Testis material was obtained from 15 men willing to conceive who underwent a testicular 
biopsy for sperm retrieval (TESE: testicular sperm extraction). For proband details see Table 
S1. Some men were of proven fertility, but now diagnosed with obstructive azoospermia 
(OA) because of a failed vaso-vasostomy. The others were classified as non obstructive 
azoospermia (NOA). All probands showed a normal karyotype and AZF deletions were not 
present. Biopsies were taken following the procedure of Silber 79. After biopsy processing, 
retrieved testicular spermatozoa were used for oocyte fertilization via ICSI (intra 
cytoplasmic sperm injection). From most biopsies a drop of spermatogenic cell suspension 
was smeared on a microscope slide. Cells were Giemsa stained and pachytene sperma-
tocytes, cells with a sperm morphology (collectively called sperm) and Sertoli cells were 
counted. In Table S1, ratios between pachytene cells and sperm, and between sperm and 
Sertoli cells are given. The latter ratio indicates the spermatogenic activity of the tissue 
sampled, the former ratio the efficiency of the production of mature spermatids per 
meiotic cell. Although not strictly comparable with histological studies, our data are in line 
with those published 80-82. For probands 11 and 13 (failed vaso-vasostomy), spermato-
genesis was evaluated by histology using the Johnsen score, 83 and found to be normal 
(scores of 9.1 and 9.5 respectively with tubule scores of 9 and 10 only). Remnants of the 
testicular samples were available for research after successful sperm retrieval. All men 
signed an informed consent for participation in this project. Mouse testis material was 
used from a wild-type CBA/B6 hybrid mouse (2 months old). The procedure involving the 
use of overcomplete animals is approved by the animal ethics committee of our university 
in conformance with the Dutch law on the use of experimental animals. 
Surface spread preparations
Nucleus spreads were made as described by Peters 84, with minor modifications. Briefly, 
a suspension of spermatogenic cells was made by crushing the remnant seminiferous 
tubuli with two ribbed forceps in a drop of SIM (spermatocyte isolation medium 85). 
Remnants were separated from the cell suspension by a quick spin (25g). The supernatant 
was transferred to a clean tube, centrifuged for 7 minutes (159g), and the pellet was 
resuspended in 1 ml SIM. An equal volume of a hypotonic solution (17 mM sodium 
citrate, 50 mM sucrose, 30 mM Tris-HCl pH 8.2) was added for 7 minutes. Cells were 
centrifuged again (7 minutes, 159g) and resuspended in 100 mM sucrose (pH 8.2) at a 
concentration of 10-15 x 106/ml. Two 5 ml drops were pipetted onto a paraformaldehyde 
(1% PFA, 0.15% Triton-X-100 pH 9.2) fluid coated microscope slide, placed in a levelled 
humid box for about 75 minutes, rinsed twice in 0.08% photoflow (Kodak), and air dried. 
Slides were stored at -80° until use.
structures have been encountered in compacting elongated mouse spermatids (steps 
12-16) containing only H2A/H2B like histones (H2AL1/L2 plus TH2B 73). Possibly, the 
‘normal’ nucleosome structure is disrupted and replaced by an alternative nucleosome 
structure in which process H3K9me2 and H3K4me2 may play a role. Another explanation 
might be found in the presence of several H3 variants (at the protein level four are 
known). The exact epitopes of the polyclonal pan H3 antibody are not known to us. The 
immunogen peptide used (amino acid residues 100-135, see M&M section Antibodies) 
differs at only 1 amino acid from H3t (H3.4) and H3.5 (for H3.5, only RNA in human testis 
has been shown 74. However, it differs at 6 and 7 amino acids from H3.X and H3.Y, 
respectively (in human testis only RNA has been shown 75). The epitope of the H3.1/3.2 
antibody is known (residues 28-32) and this region is not different in H3t, but several 
amino acid differences are present in H3.X, H3.Y and H3.5 suggesting these not to be 
recognized. Therefore, the H3K4me2 and H3K9me2 PTMs could be present on these 
variants specifically.
Pre-P2 processing 
We found pre-P2 to accumulate at the doughnut-/cap-like structure (and never outside 
this region) suggesting this to be the site of proteolytic processing. This indicates that only 
processed P2 is incorporated into chromatin, as was suggested before 24. However, other 
reports showed the presence of pre-P2 in a subset of mature spermatozoa 23, the more so 
when the P1/P2 ratio is higher, which is related to infertility (reviewed in 76,77). This suggests 
the possibility of incorporation of pre-P2 at a later elongated spermatid stage (as a 
consequence of defective/incomplete remodelling) as pre-P2 can complex with DNA 6.
Concluding remarks
Summarizing, in this study we could connect the onset of chromatin remodeling in 
human round spermatids with the descend of the acrosomal vesicle on the nucleus. We 
have interpreted our findings using the available literature on protamine processing, the 
communication between the nucleus and cytoplasm in round and elongating 
spermatids, and current knowledge on spermatid chromatin remodeling. Our data fit in 
the concept by which chromatin remodelling is initiated by environmental signals likely 
derived from the Sertoli cell as the Sertoli cell Jam-C cell adhesion protein has been 
shown to be implicated in acrosome biogenesis 78. 
Materials and Methods 
Ethics Statement
On October 18th, 2006, the CCMO (Central Committee on Research involving Human 
Subjects, the Hague) approved of the research protocol entitled ‘Intracytoplasmatic 
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one generated by A.H.F.M. Peters at 1:750. Polyclonal rabbit antibodies against H3K27me2 
and H3K27me3, provided by T. Jenuwein, were used at 1:350. Two rabbit polyclonal 
antibodies against H3K4me2 were used, Abcam (ab7766) at 1:100 and Upstate (07-030) 
at 1:500. H4K20me2 was detected at 1:50 dilution by a polyclonal antibody provided by 
T. Jenuwein. H4K20me3 was detected by a polyclonal antibody (Upstate 07-463) and 
used at 1:500 dilution. H4K8ac and H4K16ac were detected by polyclonal antibodies 
(Upstate 06-760 (1:1000) and Upstate 06-762 (1:500), respectively). A monoclonal gH2AX 
antibody (Upstate 05-636) was used at 1:1000. PARP1 was detected using a polyclonal 
antibody (Abcam ab2168) at 1:300. Centromeres were stained by a human autoantibody 
(Crest) at a dilution of 1:500 (ImmunoVision, Springdale AR). Primary antibodies were 
detected by using goat anti-human, goat or donkey anti-mouse and goat or donkey 
anti-rabbit secondaries with respectively a red or a green fluorochrome at 1:500 dilution 
(Invitrogen Alexa 488; A11001, A21202, Alexa 594; A11014, A11012, A21207). 
Image capture and analysis
The number of probands used for each antibody combination varied, but was always 
larger than 2 (except for H4K8ac (1), H4K16ac (2) and TH2B (2)). Series of representative 
photographs were taken, based on the inspection of a much larger sample as especially 
round spermatids are abundantly present in these preparations. For histone PTMs (4*), 
pan H3 (7), #32 (7), #34 (4), pre-P2 (6) and P1 (6) at least 50 round spermatids per proband 
were photographed (*number of probands). We aimed at collecting as many elongating 
spermatid images as possible. Their numbers often being low, we sampled on average 
15 per staining per proband. Nuclei were captured at an exposure time reflecting the 
microscopic image by a Zeiss AxioCam MR camera on a Zeiss Axioplan fluorescence 
microscope using Axiovision 3.1 software (Carl Zeiss). 
 The relative intensity (compared to remaining nucleus) of H3.1/3.2 in the doughnut 
was subjectively categorized in three groups (Fig. 6, Fig. S2): more intense or equally 
intense H3.1/3.2 signal in the doughnut (≥), less intense H3.1/3.2 signal in the doughnut 
(+/-), no H3.1/3.2 signal in the doughnut (-). Doughnut histone PTM staining in Fig. 
6A,B,C was subjectively determined relative to PTM staining in the remaining nucleus. 
The category ‘overall no staining’ means no PTM staining in the entire nucleus (Fig. 6 
A-G). Doughnut PTM staining intensity in Fig. 6D,E was subjectively determined and 
categorized in four groups. The relative intensity of PL2/3 (Fig. 5F) and #32 (Fig. 5G) 
nucleosome markers in the doughnut was categorized in two groups: more intense or 
equally intense nucleosome signal in the doughnut (≥) and less intense or no H3.1/3.2 
signal in the doughnut (+/-). H4K8/K16ac PTM marker staining patterns (Fig. 5F,G) were 
categorized into 4 groups as described in the legend of Fig. 5A-E. 
Cryosections
Testis tissue was prepared for cryosections according to Soper et al. 86. Tissue was 
embedded in Tissue Tek and 8-mm sections were cut with a Cryostat and transferred 
onto polysine coated slides (Menzel-gläser, Germany). Slides were stored at -80°C. Prior 
to immunofluorescence cells were permeabilised in PBS with 0.15% Triton-X-100 for 10 
minutes. 
Immunofluorescence
Surface spread preparations were washed twice in PBS containing 0.05% Triton-X-100 
and blocked for 1 hour at 37°C (blocking buffer: 1% bovine serum albumin, 10% normal 
goat serum or normal donkey serum in PBS containing 0.05% Triton-X-100). Primary 
antibodies were diluted in blocking buffer and slides were incubated for 20 minutes at 
37°C, followed by overnight incubation at 4°C extended by 20 minutes at 37°C. Then 
slides were rinsed and washed once in PBS containing 0.05% Triton-X-100 and afterwards 
rinsed and washed once in PBS. A second 30 minute blocking step was applied in 
blocking buffer without Triton-X-100, followed by a 2 hour incubation with the 
secondary antibodies diluted in blocking buffer without Triton-X-100. After rinsing and 
washing once in PBS, nuclei were stained with DAPI (10 min, 0.3 mg/ml in PBS) and 
mounted with Vectashield (Vector). 
Antibodies
All somatic H3 isoforms were detected with a polyclonal pan H3 antibody (Abcam, 1791) 
at a dilution of 1:500. Testis specific H3t and H3.5 are most likely detected as well because 
of the only 1 amino acid difference in the immunogen sequence (110 A vs V, 87, 104 L vs 
F, 74). For this antibody, epitopes were first uncovered by a quick dip in 4 M HCl, followed 
by extensive washing in PBS. A monoclonal anti-nucleosome antibody (#32) 88, provided 
by J. van der Vlag, was used at a 1:2000 dilution. To localize H3.1/3.2 (also recognizing 
H3t), monoclonal antibody #34 8, provided by J. van der Vlag, was used at a dilution of 
1:1500. Nucleosomes were also detected at 1:2000 dilution by the monoclonal antibody 
PL2/3 89,90, provided by J. van der Vlag. TH2B was stained with a polyclonal antibody 
(Abcam, ab23913) at 1:5000 dilution. Protamine 1 and 2 were detected with the 
monoclonal antibodies Hub1N and Hub2B respectively, used at a 1:500 dilution and 
provided by R. Balhorn. A polyclonal antibody recognizing pre-P2 was provided by M. 
Meistrich and was used at 1:200. TP2 was stained at 1:200 dilution with a polyclonal 
antibody (TP2 303), provided by W.S. Kistler. A monoclonal anti-acrosin antibody (AMC-
ACRO-C5F10-AS, Biosonda, Chile) was used to detect the acrosome at 1:40 dilution. The 
subacrosomal layer of the perinuclear theca was demonstrated using the rabbit 
polyclonal antibody PNT-1449, provided by R. Oko, at 1:200 dilution. A rabbit polyclonal 
antibody against H3K9me2, provided by T. Jenuwein was used at 1:150. To detect 
H3K9me3, two rabbit polyclonal antibodies were used, Abcam (ab8898) at 1:1000, and 
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Statistics
Deviations from random class distributions have been tested by Chi square analysis.
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Figure S1   Acrosome and SAL-PNT stainings of spread human spermatids
A
B
Type1/Sa Type 3/Sb1 Type 2-3/Sb1 Type 4/Sb1 Type 6/Sb2 Type 8/Sd
C
D
DAPI
DAPI         Acrosin
DAPI PNT Acrosin
DAPI             PNT
A-D Round and elongating spermatids are shown of consecutive steps during spermiogenesis, as indicated 
by the titles above the panels. 
    A DAPI staining over the consecutive steps showing the developing doughnut-/cap-like structure.
    B DAPI and Acrosin staining.
    C DAPI and SAL-PNT staining.
    D Merge.
Scale bar: 10 µm
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Figure S2   Histone loss in the doughnut area of human round spermatids Figure S3   Relation between nucleosome loss and SAL-PNT staining in mouse 
spermatids
B
H3.1/3.2 in consecutive dougnut types
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Merge Merge
A Round spermatids with consecutive doughnut types as presented in Fig. 1 are related to the degree of 
H3.1/3.2 decrease relative to surrounding chromatin (see M and M).
B The subtypes of doughnut type 4 in a proposed order of development.    
C Schematic representation of the doughnut subtypes displayed in B. 
Scale bar: 10 µm
Mouse round and elongating spermatids with a doughnut- (A) and cap-like (B) structure with decreasing 
nucleosome staining (#32). At elongation, human and mouse spermatid nuclei develop differently, mouse 
sperm having a falciform nuclear shape. Scale bar: 10 µm.
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Abstract 
During the last phase of spermatogenesis, called spermiogenesis, the nucleosome 
based chromatin structure is replaced by protamine based DNA packaging. In the 
human, not much is known about the chromatin remodelling involved and also in 
experimental animals our insight is limited. Here, we have investigated initiation of 
chromatin remodelling over 6 probands of which 4 were diagnosed with non-obstruc-
tive azoospermia (NOA) and two were control men with obstructive azoospermia (OA) 
(failed vaso-vasostomy patients with proven fertility prior to vasectomy, Johnsen scores 
≥ 9). Chromatin remodelling was studied by means of nucleosome and H3 decrease 
and P1 incorporation. The analysis was feasible because of the local initiation of 
nucleosome eviction in the sub acrosomal domain, visible in alkaline nuclear spread 
preparations. The patterns of nucleosome and H3 loss were largely congruent. Nucleus 
wide incorporation of P1 could already be observed at the late round spermatid stage. 
Both for nucleosome loss and for P1 incorporation, there was distinct variation within 
and between probands. This did not relate to the efficiency of sperm production per 
meiocyte. Pre-P2 was always confined to the subacrosomal domain, confirming the role 
of this area in chromatin remodelling. 
Introduction
Spermiogenesis is the last phase of spermatogenesis when round spermatids meta- 
morphose into mature sperm. In histological preparations of the human testis, six steps 
(Sa-Sb1-Sb2-Sc-Sd1-Sd2) could be identified, based on nuclear morphology 1. The steps 
of spermatid morphogenesis have fixed relations with the stages of the cycle of the 
seminiferous epithelium, which are denoted by Roman symbols (I to VI) 1. 
 During spermiogenesis the majority of cytoplasm is discarded and the nucleus 
condenses as much as possible in order to, among other reasons, protect the genetic 
material prior to fertilization. To establish nuclear condensation, the somatic DNA 
packaging structure that depends on nucleosomes, is largely replaced by toroids 
(reviewed in 2 based on the stacking of DNA strands made possible by arginine and 
cysteine rich protamines. Before nucleosome eviction starts, the nucleus prepares by 
opening up the chromatin. This is facilitated by the incorporation of testis specific 
histones 3,42 and finally achieved by means of posttranslational modifications (PTMs) (i.e. 
ubiquitination, acetylation 4,5. Then, nucleosomes are evicted and replaced by transition 
proteins, and secondly the transition proteins are replaced by the protamines (reviewed 
by 6,7. The cysteine rich nature of protamines enables the formation of S-S bridges, a 
process that stabilises sperm chromatin, starting in the testis and finalising in the 
epididymis 8. Eventually, in the human approximately 85% of the nucleosomes are 
replaced by protamines, in contrast to 99% in the mouse 9-11. More and more evidence 
comes up indicating that nucleosomes that escape eviction are not a random selection. 
On the contrary, they are supposed to be involved in gene regulation, telomere biology 
and centric heterochromatin, hence may have a function in the transmittance of 
epigenetic messages to the zygote that might influence embryo development 10,12,13 . 
 Not much is known about the molecular aspects of the nucleosome to protamine 
exchange. This is due to the absence of an in vitro system. For the human, ethical 
considerations of acquiring experimental material play a role as well. Another aspect is 
that human spermatogenesis stands out as variable as to sperm production, head 
morphology, motility, and chromatin compaction 14,15. These parameters show increased 
variation in infertile man which is the basis of the so called oligo-astheno-teratozoo-
spermia syndrome (OAT) that affects 1 in 4 infertile men 16. Bedford suggested that part 
of the variation is caused by differences in S-S bridge formation due to variable 
epididymal transit times 14.   
 Most studies into chromatin remodelling focus on the end product of spermato-
genesis, the spermatozoon. In previous research 17,18 we characterised variation in 
protamination and S-S bridge formation by FACS, using free thiol and total thiol 
fluorescence of sperm cells as readouts. For both parameters, increased variation in the 
OAT group was found compared to normospermic males. For the total thiol 
measurements this indicates incomplete chromatin remodelling. These results were 
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appearance of P1. An early onset of nucleosome and histone loss was not necessarily 
linked to an early appearance of P1. In this small series, controls did not show differences, 
both qualitatively and quantitatively, from patients. 
Materials and Methods 
Ethics Statement
On October 18th, 2006, the CCMO (Central Committee on Research involving Human 
Subjects) approved of the research protocol entitled ‘Intracytoplasmatic Sperm Injection 
using testicular spermatozoa in men with azoospermia: an observational study’. CCMO 
- NL12408.000.06
Human testis material
Testis material was obtained from four men with non-obstructive azoospermia (NOA) 
willing to conceive who underwent a testicular biopsy and a successful sperm retrieval 
(TESE: testicular sperm extraction). Spermatozoa were used for oocyte fertilization via 
ICSI (intra cytoplasmic sperm injection). Diagnosis of NOA is based on repeated absence 
of spermatozoa in the ejaculate, elevated levels of FSH level (preferably > 15 IU/ml) and/
or no indications for obstruction (see Table 1 for proband details). Testis material from 
men of proven fertility with a history of a vasectomy, failed vaso-vasostomy, and 
absence of spermatozoa in the caput epididymis, who wished to conceive again, was 
confirmed by in situ immunofluorescence (IF) on expanded sperm nuclei 17,18 and by 
quantitative immunoblotting 18,19. 
 Variation between spermatozoa in degree of protamination could basically arise in 
three possible ways or by a combination thereof: a) remodelling could be initiated later, 
b) remodelling could be executed slower, and/or c) precocious spermiation resulting in 
a stop in remodelling.
 During normal human spermiogenesis, the obvious signs of chromatin remodelling 
such as H4 acetylation 5, the appearance of DNA breaks 20 and the presence of transition 
proteins (reviewed in 6) have been recorded in round spermatids. At the onset of 
chromatin compaction in elongating nuclei, protamines sharply increase, linking these 
events (reviewed in 6,7). For the human it has been shown that the percentage of round 
spermatids that by RNA FISH on histological sections were positive for protamine 1 (P1) 
and protamine 2 (P2) was lower in non obstructive azoospermia (NOA) patients in which 
normal spermatogenesis was found 21 and even lower when NOA was combined with 
hypospermatogenesis. By quantifying the in situ hybridisation signal, it was found for P1 
that a lower incidence of expression was related to a lower expression per spermatid 
whereas for P2 this was no true 22. 
 Recently, by the study of surface spread spermatogenic nuclei and extensive use of 
IF, we obtained a new insight into chromatin remodelling (de Vries et al., submitted). We 
first discovered a DAPI intense nuclear structure as if spreading of the nucleus was 
counteractive in that area. We showed this DAPI intense doughnut-like structure to 
co-localize with the acrosomal sac and sub acrosomal perinuclear theca (PNT) during 
the Golgi- and the capping-phases of acrosome formation. Here we observed the first 
gradual decrease of nucleosomes and several histones. Histone post translational 
modifications linked to chromatin remodelling such as H4K8ac and H4K16ac also 
delineate the doughnut. Furthermore, protamines were often first observed or were 
enriched in the doughnut, indicating incorporation into chromatin in the subacrosomal 
area first. Pre-P2 was confined to this area. These results indicate that acrosome 
development and chromatin remodelling are related processes and that the start of 
chromatin remodelling can be studied at the doughnut-like structure. 
 Now being able to study the onset of chromatin remodelling in a defined nuclear 
domain, we have embarked on a semi quantitative study to explore variation within and 
between azoospermic patients. Nucleosome eviction/histone loss and appearance of 
P1 and pre-P2 were recorded, enabling to investigate P1 incorporation in relation to a 
decrease in H3. We used testis material of four non obstructive azoospermic (NOA) men 
with spermatozoa in the testes, presenting for TESE-ICSI treatment. NOA patients were 
selected for having a low meiotic pachytene spermatocyte to sperm efficiency because 
of hypospermatogenesis. These men were compared with two TESE-ICSI candidates 
with a history of normal fertility and normal histology. We found strong indications 
for within and between proband differences in initiation of remodelling and first 
Table 1  Proband’s details
 
P/C Age Diagnosis FSH level 
(IU/ml)
# of ICSI 
cycles
Pregnancy 
(at ICSI 
cycle #)
Ratio  
pach/ 
sperm
# sperm 
per 100 SC
P1 27 NOA 31 1 Yes (#1) 2.14 3
P2 29 NOA 3 2 Yes (#2) 2.04 12
P3 32 NOA 20.6 5 No 0.48 16
P4 35 NOA 15 3 No 2.23 23
P5 30 NOA 15.8 4 No 0.5 81
C1 43 OA n.d. - - 0.33 71
C2 48 OA 5.5 1 Yes (#1) 0.36 121
Clinical data from patients (P) and controls (C). In every ICSI cycle several oocytes are fertilized and one or two 
best quality embryo’s are transferred to the uterus. Ongoing pregnancy is defined as a positive heartbeat by 
ultrasound at 12 weeks after embryo transfer. Fertility treatment was not started for control 1 at the time of 
submission. Pachytene/sperm ratio (pach/sperm) and the number of sperm per 100 Sertoli cells (SCs) were 
determined in a Giemsa stained sample of the homogenized fresh biopsy.
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washing once in PBS, nuclei were stained with DAPI (10 min, 0.3 µg/ml in PBS) and 
mounted with Vectashield (Vector). 
Antibodies
H3 isoforms (H3.1/3.2/3.3) were detected with a polyclonal Pan H3 antibody (Abcam, 
1791) at a dilution of 1:500. For this antibody, epitopes were first uncovered by a quick 
dip in 4 M HCl, followed by extensive washing in PBS. A monoclonal anti-nucleosome 
antibody (#32) 30, was diluted 2000 x. Protamine 1 (P1) was detected with Hub1N, used at 
a 1:500 dilution, and provided by R. Balhorn. A polyclonal antibody recognizing the pre 
form of protamine 2 (pre-P2) was provided by M. Meistrich and was used at 1:200. 
Primary antibodies were detected by using goat anti-mouse and goat anti-rabbit secondaries 
with respectively a red or a green fluorochrome at a 1:500 dilution (Invitrogen Alexa 488; 
A11001, Alexa 594; A11012). 
Analysis and image capture
Nuclei were captured by a Zeiss AxioCam MR camera on a Zeiss Axioplan fluorescence 
microscope using Axiovision 3.1 software (Carl Zeiss) with an exposure time reflecting 
the microscopic image. 
Statistics
Deviations from random class distributions over probands have been tested by Chi 
square analysis. 
Results
Distribution of doughnut types
Previously we have divided round and elongating spread spermatids in 8 categories, 
based on the development of a DAPI intense doughnut-like structure that at the onset 
of elongation evolves in a cap like structure 43. In Fig. 1 we show the categories that we 
quantified. We first determined if there are differences in the distribution of doughnut 
types within round spermatids of patients (P1-4) and controls (C1,2) (see Table 1 for 
proband details). For every proband at least 100 round spermatids were categorised. 
Overall patients were heterogeneous as to the frequencies of stages (Fig. 2). P1 and P3 
have a higher percentage of type 2/3 doughnut types indicating slower progression 
through the round spermatid phase of spermiogenesis maybe in the late Golgi-phase, 
early capping phase of acrosome genesis or increased death at the late round spermatid 
stage. P4 showed a higher percentage of type 4.2/4.3 doughnut types most likely 
indicating a lack of progression towards elongation. 
used as control material (Table 1). All probands were tested for karyotype abnormalities 
and AZF deletions and none were found. Biopsies were taken following the procedure 
of Silber 23. From all probands a drop of spermatogenic cell suspension was smeared on 
a microscope slide prior to proceed with sperm retrieval for ICSI or cryopreservation. 
Nuclei were Giemsa stained and pachytene spermatocytes, spermatozoa and Sertoli 
cells were counted. In Table 1, ratios between pachytene nuclei and mature elongated 
spermatids (sperm) and between mature elongated spermatids and Sertoli cells are 
given. The latter ratio indicates the spermatogenic activity of the tissue sampled, the 
former ratio the efficiency of the production of mature spermatids per meiotic cell. 
Although not strictly comparable with histological studies, our data for the vasectomy 
patients are in line with those published 24-26. For control men 1 and 2 the histology of 
the biopsy was also evaluated by the Johnsen score 27 and found to be indicative for 
normospermia (scores of 9.1 and 9.5 respectively with tubule scores of only 9 and 10). 
After successful sperm retrieval for clinical use, remnants of the testicular samples were 
available for research. All men signed an informed consent for participation.
Surface spread preparations
Nucleus spreads were made as described by Peters 28, with minor modifications. Briefly, 
a suspension of spermatogenic cells was made by crushing the remnant seminiferous 
tubuli with two ribbed forceps in a drop of SIM (spermatocyte isolation medium 29. 
Remnants were separated from the cell suspension by a quick spin (25g). The supernatant 
was transferred to a clean tube, centrifuged for 7 minutes (159g), and the pellet was 
resuspended in 1 ml SIM. An equal volume of a hypotonic solution (17 mM sodium 
citrate, 50 mM sucrose, 30 mM Tris-HCl pH 8.2) was added for 7 minutes. Cells were 
centrifuged again (7 minutes, 159g) and resuspended in 100 mM sucrose (pH 8.2) at a 
concentration of 10-15 x 106/ml. Two 5 µl drops were pipetted onto a paraformaldehyde 
(1% PFA, 0.15% Triton-X-100 pH 9.2) fluid coated microscope slide, placed in a levelled 
humid box for about 75 minutes, rinsed twice in 0.08% photoflow (Kodak), and air dried. 
Slides were stored at -80° until use.
Immunofluorescence (IF)
Surface spread preparations were washed twice in PBS containing 0.05% Triton-X-100 
and blocked for 1 hour at 37°C (blocking buffer: 1% bovine serum albumin, 10% normal 
goat serum or normal donkey serum in PBS containing 0.05% Triton-X-100). Primary 
antibodies were diluted in blocking buffer and slides were incubated for 20 minutes at 
37°C, followed by overnight incubation at 4°C extended by 20 minutes at 37°C. Then 
slides were rinsed and washed once in PBS containing 0.05% Triton-X-100 and afterwards 
rinsed and washed once in PBS. A second 30 minute blocking step was applied in 
blocking buffer without Triton-X-100, followed by a 2 hour incubation with the 
secondary antibodies diluted in blocking buffer without Triton-X-100. After rinsing and 
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Determination of the onset of chromatin remodelling
To study the initiation of chromatin remodelling at the round spermatid stage during 
spermiogenesis, we used two antibody combinations: (1) #32 (which detects nucleo - 
somes) with pre-P2 and (2) pan H3 with Hup1N (P1). In every proband we photographed 
both combinations, with at least 50 round spermatids per antibody combination. Next 
to round spermatids we tried to capture as many elongating spermatids as possible. 
However, these were not present in large numbers. 
 As a pilot experiment, we combined for one patient (P5, n=63) the #32 nucleosome 
antibody with the pan H3 antibody to check on their exchangeability. We subjectively 
determined the relative decrease of nucleosome and H3 staining in the doughnut 
compared to the rest of the nucleus at three levels: A higher signal in the doughnut or 
no difference in the doughnut compared to elsewhere in the nucleus (≥), a decrease in 
the doughnut compared to the nucleus (+/-) and (almost) no signal present in the 
doughnut (-). Examples of these categories are shown in Fig. 3. The majority of nuclei (67 
%) was categorized in the same group for both epitopes and in 87% of nuclei a signal 
was found for both, indicating high exchangeability, but not up to 100%. When 
nucleosomes were detected, H3 was always present. However, in 13% of nuclei H3 was 
detected in the doughnut but nucleosomes were not.
Nucleosome and Pan H3 loss over patients
To determine the decrease of nucleosomes and H3 in the doughnut of round spermatids 
over the six probands, the same categories (≥, +/-, -) were used as described above. Both 
stainings show a decrease in signal during the progression of round spermatid 
development in all probands (patients summed Fig. 4 A,B). For nucleosome and H3 
eviction, differences between probands were noted (Fig. 4A,B). In elongating spermatids 
Figure 1   Appearance of the doughnut- and cap-like structure in spread round and 
elongating spermatids
Figure 2   Distribution of doughnut types within round spermatids
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Distribution of doughnut types over probands
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Above the panels the spermatid type based on nucleus shape and doughnut/cap type is indicated. For 
quantification type 2 and 3 spermatids and type 4.2 and 4.3 spermatids are combined.
A-C Round spermatids showing a DAPI intense doughnut-like structure (arrow) which gradually develops 
during spermiogenesis. A) an example of a type 2 spermatid. C) an example of a type 4.3 spermatid.
D-G Elongating spermatids showing an initially DAPI intense cap like structure (arrows).
A’-G’ Localization of pre-P2 in the doughnut hole and at the cap-like structure at all doughnut and cap stages.
Scale bar: 10 μm
For patient details, see Table 1. Chi-square analysis 
identified a non random distribution of doughnut 
types over probands (χ2: 68.72, df 10 p< 0.001). To 
test whether P1 and P3 had larger numbers of 
type 2,3 round spermatids, chi-square analysis 
was performed over type 2/3 vs type 4. For P1: χ2: 
21.68, df 1 p< 0.001, for P3: χ2: 9.21, df 1 p<0.01 
(tested against the remaining probands which 
were homogeneous). To test whether P4 had 
larger numbers of type 4.2/4.3 round spermatids 
chi-square analysis was performed over type 
4.2/4.3 vs type 2/3 and 4.1 (χ2: 41.62, df 1 p<0.001, 
tested against the other probands which were 
homogeneous). 
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P1 incorporation
We determined the presence of P1 in the nucleus by using four staining categories: no 
P1 staining (-), a P1 signal in the doughnut compared to (nearly) absence in the rest of 
the nucleus (+ vs -), a P1 signal in the rest of the nucleus compared to (nearly) absence 
in the doughnut (- vs +) and overall clear P1 staining (+) (for examples see Fig. 5). Fig. 4 
C shows the distribution of round spermatids over these four categories during round 
spermatid progression. Confirming our earlier observation 43 a quantitative presence of 
P1 was observed in round spermatids with doughnut type 4, which mostly concerned 
types 4.2/4.3 (Fig. 1). However, a closer examination over probands reveals incidental 
appearance of P1 already at types 2/3 (C1 and P2) and 4.1 (C1, C2 and P4). 
 The presence of the ‘+ vs –‘ and ‘- vs +’ category indicates that protamines are not 
incorporated at the same speed throughout the nucleus. In most probands (C2, P2, P3 
and P4) the ‘+ vs –‘ category is present, indicating that P1 comes up in the doughnut first 
before incorporation into the nucleus. However, the other way around is found as well 
(C1 en P1) (Fig. 4C). Numbers of nuclei categorized into these groups (+ vs - and - vs +) 
were small indicating that when P1 incorporation has started it quickly distributes over 
the whole nucleus. 
 In elongating spermatids of most probands the majority of nuclei were found in 
the + category (91%, n=56, P1-4, C2), except for C1 were most nuclei were found in the 
- category (57%, n=21).
Relation between P1 incorporation and H3 loss
The simultaneous labelling with pan H3 and P1 allowed a closer look at the relation 
between these remodelling parameters. According to expectation Fig. 4D shows that 
P1 becomes more prevalent when H3 diminishes. In 7% (n=338) of round spermatids 
and usually at the doughnut, P1 and H3 signals could both be observed. When we used 
H3 loss at the doughnut of all round spermatids as the parameter for the onset of 
chromatin remodelling, no relation with the percentage of round spermatids that 
expressed P1 was apparent for all probands. Probands differed in the moment of first P1 
incorporation in relation to H3 decrease. For all probands we calculated the percentage 
of round spermatids showing a decrease in H3 (+/-, - groups) and the percentage of 
round spermatids showing a P1 signal (+vs-, -vs+, + groups) (Fig. 6). Probands who 
showed a high percentage of nuclei with a decrease in H3 at the doughnut-like structure 
(C1,P1,P4), were not equally fast in P1 incorporation (Fig. 6). Instead, C1 and P1 show low 
percentages of protamine 1 positive nuclei while P4 shows higher percentages (Fig. 6). 
Furthermore, probands who showed fewer H3 remodelled round spermatids (P2,P3,C2) 
also showed variation in P1 incorporation. For P2, P3, C2 and P4 loss of H3 and presence 
of P1 are correlated, the more remodelled, the more P1 incorporation (Fig. 6).  
the ≥ category was not found anymore indicating ongoing progression of remodelling 
from type 4.2/4.3 round spermatids on. Furthermore, 74% of elongating spermatids fit 
in the – category, but even in type 8 elongating spermatids the +/- category is present 
(27% n=185).
Figure 3   Nucleosome and pan H3 remodelling categories
A A’
B B’
C C’
D D’
Nucleosomes
DAPI
Nucleosomes Pan H3 Pan H3
DAPI
E E’
F’
G’
H’
F
G
H
+ +
+/- +/-
- -
- -
A-D Examples of round and elongating spermatids stained for nucleosomes (#32). 
E-H Examples of round and elongating spermatids stained with Pan H3. The accent versions show the merge 
with DAPI. 
In A and E the ≥ group is shown, in B and F the +/- group and in C and G the – group. In D en H, elongating 
spermatids (type 5 (H), 6 (D) of Fig. 1) of the most common category, the – group, is shown. 
Scale bar: 10 μm
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Pre-P2
We identified pre-P2 within the doughnut hole of round spermatids from the moment 
the doughnut-like structure was first observed. The signal expands in type 4 doughnuts 
and the cap-like structure of elongating spermatids (Fig. 1). In all probands, pre-P2 was 
clearly present in the doughnut hole from the moment it was detected (type 2/3) and 
Figure 4   Chromatin remodelling over probands
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Bar diagrams for each proband showing chromatin remodelling in the doughnut area over subsequent DAPI 
morphology types. T: sum of all probands. Per column the number (n) of nuclei is indicated.
A. Decrease of nucleosomes. B. Decrease of H3. C. Appearance of P1. D. Distribution of P1 categories at the 
different pan H3 remodelling groups over all doughnut types.
Figure 5   P1 categories
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A-E. Examples of round spermatids (A-D) and an 
early elongating one (E) stained for P1 Categories -, + 
vs -, - vs +, and + are shown. In the accent panels the 
merge with DAPI is shown. In E, a spermatid of the 
most common category ‘+’ is shown. 
Scale bar: 10 μm
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timing of P1 incorporation. We have only studied a limited number of nuclei/patients, 
however.
  Unfortunately, our method (IF) is not suitable to quantify absolute protein content. 
We can only determine a relative decrease/increase of the epitope detected. Hence, this 
method is most suitable for the timing of biological events and for the development of 
patterns. During spermiogenesis nuclei change in size and shape. Nucleosomal epitopes 
are reduced in number but also become compacted as the nuclear area decreases 
which in our spreading procedure happens from the late round spermatid stage on. 
This makes it impossible to visualize a decrease in nucleosomes and an increase in 
protamines (once they are present throughout the nucleus). Immunoblotting on 
isolated spermatid stages would be the only way to quantify the process of chromatin 
remodelling over groups of nuclei. This however, is extremely laborious as isolation has 
to be performed by eye using a micromanipulator, because of the lack of discriminating 
markers suitable for cell separation and insufficient cell numbers for physical separation 
methods.
H3 versus nucleosome staining
In a pilot experiment, we tested the exchangeability of H3 and nucleosome staining, 
indicating that according to expectation, usually both signals were found. In some 
nuclei nucleosomes disappeared faster. The absence of nucleosomes while H3 is still 
present could have several explanations. First, of both antibodies the epitope is not 
completely known. The monoclonal nucleosome antibody is derived from LUPUS mice, 
necessitating experimental determination of the epitope that usually will not reveal 
every detail. Pan H3 is a commercially generated polyclonal antibody of which the exact 
epitopes are equally difficult to determine. In the testis, seven H3 variants are known at 
the mRNA level. The immunogen peptide of the pan H3 antibody is amino acid residues 
100-135. H3.1-H3.3 do not differ and H3t (H3.4) and H3.5 differ at only 1 amino acid (for 
H3.5, only RNA in human testis has been shown 32). However, H3.X and H3.Y differ at 6 
and 7 amino acids, respectively (only RNA in human testis has been shown 33). 
Theoretically it could be that the nucleosome antibody in the testis does not detect all 
H3 variants (H3.X and H3.Y). A second explanation might be that due to the process of 
nucleosome eviction the epitope configuration for the nucleosome antibody has 
changed as the nucleosome is breaking down whilst individual H3 molecules likely are 
still recognisable. 
 When comparing nucleosome loss and H3 decrease separately over probands we 
do not always observe that nucleosomes are evicted earlier from the doughnut 
chromatin than H3, indicating differences in the mode of nucleosome/H3 loss. However, 
when pooling the proband data, the patterns were strikingly similar (bar graphs of the 
pooled probands. Fig. 4). Hence, H3X and H3Y, when translated, disappear from the 
doughnut area in the same way as the other H3 species. 
was confined to the developing doughnut and subsequent cap-like structure up to 
type 8 elongating spermatids (Fig 2 A’-G’) (353 round and 113 elongating spermatids 
were scored). In only 1,7% of round spermatid nuclei with a doughnut, pre-P2 was not 
observed. 
Discussion
In this explorative study we investigated nucleosome/H3 loss and P1 incorporation in 
50 round spermatid nuclei per immunostaining per proband. For each man, variation 
between round spermatids was detected, not only for the onset of nucleosome/H3 loss 
in ‘doughnut chromatin’ but also for the appearance of P1. For nucleosome loss and P1 
appearance, differences between males are indicated, but do not relate to patient 
category (NOA or OA). Differences were also detected in the distribution of round 
spermatid types. One NOA patient (P4) shows accumulation of type 4.2/4.3 round 
spermatids and others (P1 and P3) likely show accumulation of type 2/3. This is not 
reflected by a lower degree of remodelling initiation. 
Suitability of the method
Can we use IF on spread nuclei to identify differences in the initiation of spermatid 
chromatin remodelling between probands? Despite the relatively low number of nuclei, 
differences between probands were found. Very early differences, for P1 and P2 mRNA 
levels, have been detected between NOA and control men by in situ 21 and by RT-PCR 
determination 31 in round spermatids. Lower P1 RNA levels were found in the NOA group 
with hypospermatogenesis 31 that also applied to the single cell level 22. In the NOA 
group with quantitatively more ‘normal spermatogenesis’, P1 and P2 RNA expression 
were not affected. P2 levels were not decreased in both NOA groups. These indications 
for a lower expression of P1 in NOA patients were not reflected by our results on the 
Figure 6   Relation H3 remodelling and P1 incorporation
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The X-axis displays the % of round spermatids 
(RSPs) that show a H3 decrease at the doughnut- 
like structure, all doughnut types included. 
The Y-axis displays the % of P1 positive round 
spermatids, all doughnut types included.
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hint for the existence of differences at these stages as determined by our scoring 
method. However, numbers were to low to draw conclusions and also, as explained 
above in this material, IF signals are not easy to quantify. For instance, in our spread 
preparations, part of late elongating spermatids (type 8) were already too condensed to 
be studied for chromatin remodelling capacity. Differences in spermatid numbers with 
nucleosome positive and negative cap-like structures might be present there. 
Preliminary research (not shown) in decondensed ejaculated sperm from an OAT patient 
indicated variation in the level of apical H3.1/3.2 histones compared to the caudal half. 
In order to study the genesis of sperm chromatin further, the later stages of spermatid 
elongation have to be isolated from the testis and pre-treated with a nucleus 
decondensing mixture prior to IF. 
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P1 incorporation
In four out of six men we found spermatids with P1 present exclusively or clearly 
enriched at the doughnut. In all men nuclei were found with slight enrichment at the 
doughnut (Fig. 5D). These results indicate that P1 incorporation starts at the 
doughnut-like structure. However, in two out of six men we found nuclei with P1 
present elsewhere in the nucleus but not or less intense in the doughnut. The 
contribution of nuclei at the ‘+ vs –‘ and ‘– vs +’ category to the total is low (see Fig. 4) 
indicating that once P1 incorporation starts it quickly disperses within the nucleus 
irrespective of the initial appearance site. Another indication that the doughnut likely is 
the site of first incorporation of protamines comes from the stainings for pre-P2. The P2 
precursor form 34 is solely found in the doughnut- and at the cap-like structure. 
Previously, we found P2 to be present all over the nucleus from type 5 elongating 
spermatids on, also displaying enrichment at the cap-like structure 43. Our results 
indicate the doughnut to be the site of storage and processing of pre-P2. In our previous 
report we suggested the nuclear lamina to be involved in chromatin remodelling (and 
thus protamine incorporation) 43. Protamine incorporation requires a cycle of phospho-
rylation and dephosphorylation 6,35,36. Protamine phosphorylating kinases (SR kinase P1 
37,38 and (CamKIV P2 39) are found associated with the nuclear matrix (for P1 with the 
lamin B receptor (LBR) 38). Furthermore, we have provided the beginning of indirect 
evidence, by confirming the predicted staining of H4K20me2 40 for the localisation of 
LBR specifically at the doughnut- and cap-like structure 43. 
P1 incorporation versus H3 loss
Over probands there is a relation between H3 loss and P1 incorporation. However, not 
all probands fit in this relation (C1, P1) as they show high H3 remodelling but relatively 
low P1 incorporation (see Fig. 6). More control probands have to be included in this 
study to draw a conclusion regarding which path (fast H3 decrease and slower P1 
incorporation or gradual loss and incorporation) leads to normal spermatozoa. 
Conclusions
Apart from the extensive variation within probands, our results suggest differences 
between probands independently from the aetiology of the azoospermia in chromatin 
remodelling initiation including the appearance of P1. Probands with a poor 
spermatogenic performance do not differ from the two control patients. At the level of 
the ejaculate, in OAT men a much greater variation in protamination has been found 
compared to normospermic men 17-19. Most likely this deficit originates somewhere 
during the chromatin remodelling process. In these patients, a low output of sperm per 
pachytene spermatocyte is expected, a category included in our material. Also the well 
known deviation in P1/P2 ratios among infertile men 7,41 could find its origin at the onset 
of P1,P2 incorporation. Preliminary results from elongating spermatids gave no clear 
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General discussion
In this thesis research has been described on several aspects of spermatogenesis in 
human males. The prime aim was to find out more about the quality of spermatogen-
esis in males diagnosed with non-obstructive azoospermia. In every chapter we have 
thoroughly studied a selection of NOA- and control males. Enabling comparison of 
processes as meiotic sex chromosome inactivation, crossing over, and chromatin 
remodelling during spermiogenesis between the two groups. This has led to new, 
interesting, and relevant information on human spermatogenesis. In this discussion the 
main findings per chapter are listed in bold, followed by a reflection. 
Chapter 2 Human male meiotic sex chromosome inactivation
In XY bodies of human late pachytene spermatocytes, eviction of H3.1/3.2 
containing nucleosomes is variable, both in control men and in patients
At late pachytene, general transcriptional silencing of the XY body is variable as 
determined by immunofluorescence of RNA polymerase II, Cot-1 RNA FISH and 
5-ethynyluridine (EU) incorporation 
Variable patterns of histone PTMs at the XY body of late pachytene spermatocytes 
were found
These items will be discussed together because of their interrelatedness, reflecting 
different aspects of chromatin organisation. For the human late pachytene XY body, 
variable levels of H3.1/3.2 nucleosome eviction were found. Previous research by our 
group has demonstrated that H3.1/3.2 nucleosome eviction is an indirect marker for 
MSCI 1. Chromatin remodelling is probably involved in maintenance of the repressed 
state, following upon transcriptional suppression as observed by Cot-1 RNA FISH. 
Variation in MSCI was demonstrated as well by a variable decrease of RNA polymerase II, 
Cot-1 RNA expression and 5-ethynyluridine incorporation. Moreover, variation in MSCI 
was reflected by variable patterns of histone PTM marks for inactive chromatin. In early 
and mid pachytene, MSCI could be demonstrated by a reduced Cot-1 RNA FISH signal. 
However, the onset of MSCI was not studied specifically as the focus was on the late 
pachytene XY body, when chromatin remodelling takes place. Our data suggest that 
the observed variation in nucleosome eviction more concerns the maintenance of the 
repressed state rather than installation of the repressed state as was discussed in chapter 
2. Another indication comes from the fact that compared with mouse, nucleosome 
eviction in the human starts later in pachytene, after installation of MSCI.  
 In Table S2 of Chapter 2, a literature survey of in situ indications of gonosomal gene 
activity during human male meiosis is given. Based on these data no repression was 
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and die at the metaphase I stage, a phenomenon more systematically observed with X, 
Y univalents 18. In spread preparations of a testicular cell suspension, this leads to an 
increased frequency of apoptotic metaphase I figures. In the testicular biopsies studied 
in this thesis, no increased frequency of apoptotic metaphase spermatocytes were 
observed. 
 Conclusively, speculating on a relation between MSCI and the quantitative or 
qualitative outcome of spermatogenesis, the limited data presented in chapter 2 do not 
indicate that better MSCI leads to a higher sperm quantity and quality. Instead, the 
expression of specific X and Y linked genes seems pivotal for human spermatogenesis 
including the spermatocyte stage. A conclusion which is also suggested by gene 
expression analyses comparing chimpanzee with human 11 and mouse with human Y 
chromosomes 5.
 
No H3.1/3.2 eviction occurs at Yqh
H3.1/3.2 nucleosome eviction was not observed for the Yqh part of the Y chromosome. 
Silencing, as determined by RNA pol II, Cot-1 RNA expression and EU incorporation did 
not exclude the Yqh region. Histone PTM markers for constitutive heterochromatin, 
H3K9me3 and H4K20me3, were specifically enriched at Yqh, confirming the heterochro-
matic character. Probably the presence of these PTMs from early pachytene on (not 
shown) does not necessitate further chromatin remodelling. Apparently, the hetero-
chromatin PTM pattern (H3K9me3 and H4K20me3) already predicts transcription not to 
occur. Therefore, this suggests there is no need for H3.1/3.2 eviction anymore. 
Late pachytene nuclei with a higher degree of eviction show a decrease in γH2AX 
at the XY body
Decreasing XY body γH2AX signals were observed in nuclei with a higher degree of 
remodelling. As discussed in chapter 2 this is different from the mouse where γH2AX 
remains up to late diplotene, long after nucleosome eviction is complete. In the mouse, 
γH2AX might serve to maintain the repressed state, a hypothesis that does not hold in 
the human situation. Preliminary research (data not shown) into overall γH2AX staining 
in late pachytene spermatocytes revealed that low γH2AX levels at the XY body were 
found in nuclei with few autosomal γH2AX foci (that originate from or were present on 
the SC, respectively). Nuclei with high XY body γH2AX levels often had more autosomal 
γH2AX foci/spots (n=78, 1 proband C2). In Chapter 3, autosomal γH2AX foci were often 
found to be associated with delayed transitional nodules marked by RPA. There might 
be a relation (dependent or independent) between delayed processing of dsDNA 
breaks/non cross-over intermediates and the degree of H3.1/3.2 nucleosome eviction in 
the way that eviction occurs slower when processing of recombination intermediates is 
delayed. 
  
suggested to occur for some of these genes while in the mouse, all Y chromosomal 
genes are repressed 2,3. Recently, the group of Namekawa reported absence of repression 
for human Y genes (from the ampliconic regions) in pachytene spermatocytes and 
round spermatids, using expression data 4,5. This idea of incomplete meiotic Y 
chromosome inactivation in the human is supported by the meiotic behaviour of sex 
chromosomes of some XYY men. In most XYY men one Y chromosome is variably 
eliminated during spermatogonial divisions and normal gametes are produced 6. In 
some XYY men the extra Y is not lost at mitosis, leading to expression of genes from the 
Y bivalent during late pachytene 7-9. This aberrant gene expression, however, does not 
lead to ‘en masse’ spermatocyte death in these males 7. Furthermore, men with Y 
chromosome deletions in the AZFb/c region show spermatocyte death at various 
degrees 10. These cases suggest the need for Y chromosomal products to survive 
meiosis, opposite from the mouse where expression of certain Y genes is deleterious. 
These findings provide accumulative evidence for the fact that human MSCI is most 
likely not complete. Additional evidence comes from an in silico analysis of testicular 
gene expression in chimpanzee and man, in which absence of MSCI in the human was 
shown 11. On the contrary, in a recent paper Sin and co-workers 5 conclude that mouse 
and human resemble each other as to inactivation of X linked genes at pachytene. 
Moreover, their finding was supported by uniform H3K9me3 staining in late pachytene 
sex chromatin and for the X and Y chromatin in round spermatids. This discrepancy with 
our findings (variable presence of a H3K9me3 signal at XY chromatin) could be explained 
by the use of a different antibody for H3K9me3 (than the two used in chapter 2). The 
nature of the differences between the two expression data sets 11 vs 5 will await a further 
analysis including a cell specific expression analysis.
 Failure of MSCI in mouse spermatocytes deeply affects sperm production due to 
apoptosis mainly induced at the pachytene checkpoint and thereafter. When applying 
this mouse dogma to the variable MSCI status in human spermatocytes, activation of 
the pachytene checkpoint and cell death thereafter should occur in at least part of the 
pachytene population. However, the presence of round spermatids showing incomplete 
H3.1/3.2 eviction indicates this not to be the case. Therefore it was concluded that 
selection on incomplete H3.1/3.2 eviction is not that clear in the human. 
 Are there clues for selection checkpoints in the human? Human carriers of chromosome 
aberrations such as reciprocal translocations (that are generally characterized by partial 
asynapsis) show an OAT or NOA phenotype indicating cell death during spermatogen-
esis 12-14. This fate is most likely a consequence of inactivation of unsynapsed autosomal 
chromatin (MSUC), leading to cell death alone and/or by interfering with MSCI 15,16. As 
this most likely occurs after the mid to late pachytene transition, the existence of the 
mid pachytene checkpoint in the human is not proven. In male mice heterozygous for 
chromosome abnormalities that cause localised synaptic problems, the cells gradually 
die from the stage IV pachytene checkpoint on 17. Many primary spermatocytes arrest 
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Chapter 3 Immunofluorescent characterization of meiotic 
recombination in human males with variable spermatogenesis
γH2AX L-foci mostly colocalise with delayed transitional recombination nodules 
in late pachytene spermatocytes for which variation was found among probands 
The highest number of DNA damage marked recombination intermediates were 
found among NOA patients with a low yield of sperm per spermatocyte
Transitional recombination nodules, which are RPA marked, will partly develop into late 
recombination nodules that represent crossing-over and are MLH1 marked (for a 
synopsis on recombination nodules see 19). Delayed transitional recombination nodules, 
which were recognized as remaining RPA foci at late pachytene, only rarely show 
colocalisation with MLH1. This makes the delayed RPA foci candidates for the non 
cross-over (gene conversion) pathway, for the MUS81 directed cross-over pathway, or 
any other repair event when a parallel with mouse holds (see Figure 1). In the mouse the 
MUS81 directed pathway is MLH1 independent and involves processing of complex 
junctional molecules 20. As described in chapter 3, co-localisation between a cross-over 
site (MLH1 marked) and γH2AX was not often observed, except for two NOA patients 
who showed higher incidences of this event by about a factor 3. This probably indicates 
homologous recombination to proceed without problems in most NOA patients. 
  
Patients differed in size and intensity of MLH1 foci at cross-over sites. MLH1 foci 
were less developed in men who showed more frequent γH2AX RPA co- 
localisation (delayed transitional nodules of the non cross-over pathway) in late 
pachytene
This finding could indicate that difficulties in processing of non cross-over transitional 
nodules influences MLH1 dependent crossing-over. Alternatively, the delayed RPA foci 
reflect processing problems in the MLH1 independent MUS81 cross-over nodules as 
well. In the mouse an interaction between the MUS81 crossing-over pathway and the 
MLH1 crossing-over pathway is demonstrated by the meiotic analysis of knock-out mice 
mutant for proteins involved in the resolution of complex joined recombination 
molecules (Figure 1) 20. Could the decreased numbers of MLH1 marked crossing-overs 
previously observed in some infertile men 21 be a readout for this web of interacting 
factors too? The limited material analysed in chapter 3 shows that the number of foci 
was not always decreased when the intensity of the MLH1 signal was low. Hence, part 
of the results reported in the literature on decreased numbers of MLH1 foci in NOA men 
21 may be caused by overlooking recombination nodules marked by a small MLH1 focus 
of low intensity, probably due to short antibody incubation times during immunofluo-
rescence staining. A question is if there is enough MLH1 protein present at the low 
intensity MLH1 foci for recombination to proceed optimally. Are other mismatch repair 
Figure 1   Model for meiotic crossover control towards the MLH1 dependent and 
MLH1 independent/MUS81 pathway, as proposed by Holloway 20
A In wild type mice, MSH4/MSH5 foci (pale pink) accumulate on meiotic chromosomes during zygotene, and 
are subject to interference regulation (grey area). A subset of MSH4/MSH5 characterised nodules are then 
stabilized/matured by the accumulation of MLH1/MLH3 at pachytene, and these late recombination 
nodules are designated as the sites of MLH1 dependent class I cross-overs, which account for 90–95% of 
total cross-overs (pink). The remaining 5–10% are generated by the MLH1 independent/MUS81 class II 
pathway (blue). It is proposed that the precursors of the MLH1 independent/MUS81 pathway are aberrant 
junctional molecules that, normally would be disassembled and/or processed towards a noncross-over or 
MLH1 dependent cross-over site but that, by the complexity of their structure, avoid this fate. 
B In the absence of MLH3, MLH1 dependent cross-overs cannot be generated. However, the 5–10% subset of 
(presumably) MLH1 independent/MUS81 cross-overs remains. 
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related proteins (MLH3, MSH4, 22) decreased as well? Terribas and co-workers found that 
in males with compromised spermatogenesis, expression of MSH4 and MSH5 per 
spermatocyte was lower 23. It would be of interest to study whether the number of 
chiasmata at metaphase I is different in men with low intensity MLH1 foci compared to 
high intensity MLH1 foci. It would be interesting to determine whether the model of 
Holloway, explaining modulation of cross over sites in the mouse, 20 applies to the 
human situation as well. 
γH2AX antibody differences 
Differences were found in the number of γH2AX L-foci when using a polyclonal and 
monoclonal antibody to detect γH2AX (both from Upstate). This could partly be due to 
intra proband sampling variation. However, with the monoclonal antibody an overall 
higher number of foci was observed indicating the polyclonal antibody to detect fewer 
damaged sites, as was discussed in chapter 3. Both antibodies stain the XY body. A more 
elaborate discussion on the γH2AX antibodies is provided below in the section ´ antibody 
issues .´ 
Chapter 4 Chromatin remodelling initiation during human 
spermiogenesis
A DAPI intense doughnut-like structure was identified in spread round 
spermatids that metamorphoses towards a cap-like structure in elongating 
spermatids 
The doughnut-like structure was observed concomitantly with the appearance of the 
acrosome at the onset of the capping phase of spermatid development. This indicates 
that landing of the acrosome on the nucleus somehow causes a change in the nucleus 
which is observed as a DAPI intense doughnut-like structure. As described in chapter 4, 
the acrosomal granule could well induce the ‘little hole’ within the doughnut-like 
structure. Other or additional ‘causes’ of this DAPI intense ‘doughnut’ chromatin are 
clustering of heterochromatin, as will be discussed below in this section, and enrichment 
of AT-rich DNA sequences, that were found among lamin associating chromatin 
domains as described in chapter 4. Furthermore, the change from a doughnut-like 
structure towards a ‘cap-like’ structure was observed to coincide with the start of 
nuclear elongation (formally the acrosome phase of acrosome development). In the 
mouse, elongation starts from step 8 to step 9 spermatids, concomitantly with formation 
of the apical ectoplasmic specialization (ES) 24. Could this indicate that the change from 
a doughnut-like structure towards a ‘cap-like’ structure is determined by formation of 
the apical ES? 
 
Figure 1   Continued
C In the absence of MUS81, the full number of MLH1 dependent cross-overs is generated. However, the 
complex junctional molecules that need BLM processing cannot be processed via the MLH1 independent/
MUS81 pathway. Their loss is compensated for by the MLH1/MLH3 pathway, maybe involving processing by 
BLM/BTBD12. If unresolved, the apoptosis rate is increased during prophase I. Thus, the increase in MLH1/
MLH3 foci by 5–10% corrects the number of cross-overs to normal. 
D The loss of BTBD12 strongly mirrors the loss of MUS81 in mammalian meiosis. A 5–10% increase in MLH1/
MLH3 foci is observed and the number of chiasmata remains the same, indicating compensation of the loss 
of MLH1 dependent/MUS81 events. 
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the sperm nucleus, forming a chromocentre with the telomeres located towards the 
nuclear membrane (reviewed in 33). The ‘fixed’ chromosome position might function to 
expose some chromosomes, located more to the distal nuclear periphery, earlier to the 
oocyte than others (more to the centre and apical) 34. As soon as sperm chromatin 
enters the oocyte, the protamine based chromatin is remodelled to a nucleosome 
based one again 35. This occurs to reconstitute a somatic chromosome structure, among 
others needed to prepare the paternal chromatin for the first S-phase. In the mouse, 
protamines are shed and replaced by nucleosomes within 30 minutes after fertilization 
which process starts caudally 35. Human chromosomes 2 and 5 are located more to the 
periphery at the caudal region 33. It would be interesting to know whether these have a 
generally higher nucleosome content in mature sperm, compared to other 
chromosomes, notably the X chromosome which is located most apically 33. Specific 
gene regulatory sequences were found in human as well as in the mouse, that were 
enriched for H3K27me3 and/or H3K4me2 36. It would be interesting to know if there is 
enrichment for (the marked promoters of) these genes in a chromosome specific way. 
To find out if the specific spatial distribution of these chromosomes affects promoter 
histone methylation in the sperm nucleus.  
Discriminating histone PTM patterns are found between the doughnut and 
elsewhere in the nucleus
In contrast to the intense DAPI marked and H3K9me3 positive mouse chromocentre, 
which is located centrally in the round and elongating spermatid nucleus 1,2,37 several 
centric heterochromatin domains were observed in the human round and elongating 
spermatids, positive for H3K9me3, H4K20me3, and CREST (confirmed by 5). These 
domains were often associated with the doughnut-like structure. Association was 
shown to decline during chromatin remodeling progression. In the mouse, the chromo- 
centre of elongating spermatids is highly marked by H4K8ac and H4K12ac. Moreover, 
these marks were transmitted to the zygote, while H3K9me3 gradually disappeared 
towards the end of spermiogenesis 37. In the human, no specific enrichment for H4K8ac 
or H4K16ac was observed in elongating spermatids. It would be interesting to study the 
presence of H3K9me3/H4K20me3 and H4 acetylation PTMs in artificially expanded 
human spermatozoa and in the early zygote. This, to determine large histone PTM 
marked chromatin domains that could possibly transmit epigenetic messages to the 
embryo. 
 The presence of H3K9me2 and H4K20me2 at the doughnut-/cap-like structure was 
described in chapter 4 and is shown in figure 2. This was suggested to be an indication 
for the presence of the nuclear lamina and its involvement in the initiation of chromatin 
remodelling. The Lamin-B receptor (LBR) has been indicated to be involved in the phos-
phorylation and dephosphorylation cycle needed for protamine incorporation 38. 
Therefore, it is of interest to determine the presence/distribution of LBR and Lamin B1,3 
Chromatin remodelling initiation occurs at the doughnut-like structure which is 
confirmed by H4 acetylation staining patterns
Is there a reason for chromatin remodelling to start apically? Nucleosome remodelling 
was shown to follow sub acrosomal peri-nuclear theca (SAL-PNT) and acrosome 
expansion as described in chapter 4. In the spermatid elongation stages that can be 
studied in our spread material, these structures (the SAL-PNT and acrosome) stop 
expanding halfway the nucleus. In a pilot experiment IF was performed on artificially 
swollen ejaculated spermatozoa (using DTT/triton and heparin/LIS) of an OAT man. In a 
fraction of spermatozoa, the nucleosome signals appeared only in the lower half of the 
nucleus while protamine 2 was present throughout the nucleus.
 Are the Sertoli cells via the apical ES involved in directing chromatin remodelling? 
As the Sertoli-cells are known to regulate many aspects of spermatogenesis and provide 
nourishment (reviewed by 25) it seems logical that Sertoli cell signals are transmitted via 
the apical ES. The phenotypes of a number of mice knock-out for cell adhesion 
molecules such as JAM-C, RA175, Nectin 2 and Nectin 3 add to this paradigm. These 
molecules localise in the apical ES area and are either present in the Sertoli cell (Nectin 
2) or in the spermatid (RA175, Nectin 3, JAM-C). Knock-out of Nectins results in abnormal 
sperm head shapes (Nectin 2 26, Nectin 3 27). Furthermore, knock-out of RA175 leads to 
disruption of the apical ES, which leads to severely disturbed spermatid development 
with almost no cells left after stage 12 28. This indicates that disturbing the ES leads to 
abnormal spermatid formation. Proof for the Sertoli cell-spermatid contact to be 
involved in acrosome formation is provided by the JAM-C knock-out mouse 29. At the 
round spermatid stage JAM-C is present all over the nucleus but enriched at the apical 
area. This likely is the presumed apical ES site as at the onset of elongation JAM-C is an 
apical ES protein too. Knock-out of Jam-C causes the absence of the acrosome structure, 
tail formation, and a stop in development when normally chromatin remodelling and 
elongation would start. Hence, neither spermatid polarization nor Sertoli cell F-actin 
organization and development of the apical ES occur 29. Also, ablation of the signal 
transduction pathway protein GTPase Rap1 by overexpression of a dominant negative 
Rap1 transgen leads to disruption of the apical ES, causing premature spermatid 
sloughing 30. Unfortunately, chromatin remodelling was not studied in the above 
described knock-outs. Research into this subject would provide proof of the roles of the 
Sertoli cell and apical ES in directing chromatin remodelling or in providing chromatin 
remodelling initiating signals. This investigation is among others of relevance for the 
human condition known as (partial) globozoospermia 31.
 With the observation that chromatin remodelling is locally initiated, the question 
arises if the chromosomal areas that are remodelled first are specifically chosen or 
whether this choice is random. In spermatozoa, chromosome spatial organization is not 
random as chromosomes have a preferred intra-nuclear position, termed chromosome 
territories 32,33. Furthermore, centromeres are thought to cluster together in the centre of 
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involvement of the acrosome with the processing of pre-P2 would involve a transport 
mechanism. This is unlikely, considering the fusion of the inner and outer nuclear 
membrane at the SAL-PNT as observed by EM. To exclude this possibility, further studies 
should use immuno EM.  
Chapter 5 Chromatin remodelling initiation in spermatids: differences 
among human males
Variation in chromatin remodelling initiation was detected between spermatids 
within men 
Differences were identified in the initiation of chromatin remodelling among 
human males
These points are discussed together because of their connection. In previous projects 
of our group on sperm chromatin composition of normospermic and OAT men, the 
latter were found to be at risk for incomplete chromatin remodelling 42,43. One cause for 
this observation could be a delay in the onset of chromatin remodelling in round 
spermatids (chapter 4, 5). In chapter 5 differences in chromatin remodelling initiation 
were detected between probands. However, in this small series, control men and 
patients showed the same degree of variation regarding initiation of chromatin 
remodelling. This might indicate that chromatin remodelling initiation is not disturbed 
in the NOA males studied. However, the high pachytene/sperm ratio of the NOA group 
in chapter 5 indicates problems, possibly also during spermiogenesis. By careful EM 
observations in human spermatids in a series of 9 NOA men candidating for TESE-ICSI, 
Francavilla and co-workers 44, came to the interesting finding that at the Sd1 stage of 
elongating spermatid development, final chromatin compaction was not reached. This 
effect was ‘very common’ in this cohort. Hence, studies of this nature have to expand, 
both in numbers of patients and towards the elongating and mature spermatid stages 
to provide more insight into the matter of incomplete chromatin remodelling in NOA 
men. We also do not know the effect of the low chromatin compaction in these 
testicular sperm when used with ICSI.
 Are there other factors that could cause loss of round and elongating spermatids 
and lead to immature chromatin in mature spermatids/spermatozoa? As described in 
the introduction, sloughing of immature germ cells is a common phenomenon in hypo-
spermatogenesis 45. Also thickening and hyalinization of the lamina propria 45 is 
frequently observed, which is likely induced by the Sertoli cells, 46. For a recent update 
on interdependence of Sertoli cell germinal cell contacts, see 47. Sloughing phenotypes 
are also observed in mice depleted for the cell adhesion molecule RA175 48 and for the 
GTPase Rap1 30 describe above. The Leydig cells produce testosterone which regulates 
many processes during spermatogenesis via the Sertoli cells, among which the steady 
state levels of N- and E-cadherin found in the apical ES 24. In NOA men, hormonal 
in human late round spermatids and during sperm chromatin remodelling. Just performing 
IF on spermatids might not provide a complete answer as in the mouse a different 
distribution of lamin B was shown after treatment with DTT/CTAB 39. Maybe, complete 
epitope retrieval would only be achieved by Western blotting, which is an elaborate 
technique when performed with testicular material (see the discussion of chapter 5). 
Moreover, spatial distribution of the proteins is lost but association of proteins to the 
insoluble nuclear matrix can be determined as has been performed by 40. To get an idea 
of the lamin constitution in ejaculated spermatozoa a Western blot would be an option. 
 Our interest in understanding the lamin–chromatin interactions is based on the 
limited knowledge about sperm nucleus organization. At the end of this discussion in 
the section ‘genetic and epigenetic risks’ the possible effects of sperm nuclear matrix 
disorganization are described. 
pre-P2 processing at the doughnut or acrosome
Our results indicate pre-P2 to be processed at the DAPI defined doughnut-/’cap-like’ 
structure. The presence of pre-P2 within the little doughnut hole initially suggested 
that it might be present in the acrosomal sac (see above). As described in chapter 4 and 
above, the little doughnut hole was proposed to be induced by the acrosome granule/
sac at spreading. During acrosomal sac expansion at the capping phase, the little hole 
disappears. Pre-P2 staining follows this expansion. The acrosome is a Golgi derived 
structure. In somatic cells, the Golgi is known to contain enzymes involved in protein 
processing, notably glycosylation. Could it be that some of these enzymes are preserved 
in the acrosome making it suitable for pre-P2 processing? The presumption then is that 
these proteins can be locally transported to the nucleus. Enrichment in P2 (and P1) at 
the doughnut- and/or ‘cap-like’ structure was often observed, suggesting that 
incorporation of protamines occurs first in the doughnut-/‘cap-like’ chromatin area. 
However, nuclear pores were shown to disappear from the apical region during SAL-PNT 
formation, a process that already starts in round spermatids. In elongating spermatids 
the complete apical region of the nucleus lacks nuclear pores (human 41. Hence, any 
Figure 2   H4K20me2 enrichment in the ‘cap-like’ structure
DAPI H4K20me2 Merge
Elongating spermatid (type 6) showing enrichment of H4K20me2 in the ‘cap-like’ structure compared to 
elsewhere in the nucleus.
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ribosylase, and a kinase were found in the doughnut- and cap-like structure as well 
(MDC1, 53BP1, PARP1, and Aurora kinase C but not Rad51, RPA, MLH1). Furthermore, a 
subacrosomal γH2AX signal has also been described by Blanco-Rodriguez for step 7-8 
mouse round spermatids (monoclonal and/or polyclonal antibody, not specified). This 
γH2AX signal was accompanied by a positive TUNEL signal, suggesting DNA double 
strand breaks (DSBs) 52. DNA DSBs present in elongating spermatids and induced by 
Topo2B have been described to be involved in chromatin remodelling 51,53,54. By using a 
polyclonal γH2AX antibody (Abcam) Leduc and co-workers 51 also show polar initiation 
still to be visible in step 10 elongating mouse spermatids. 
 Both Upstate antibodies are directed against amino acid residues 134-142 of human 
histone H2AX with S139 phosphorylated. In this epitope amino acid 142, a tyrosine (Y), 
can be phosphorylated as well, which was described in somatic cells for the first time in 
2009 55,56. Phosphorylation/dephosporylation of Y142 is described to be involved in the 
decision between repair and apoptosis. Y142 phosphorylation attracts the JNK1 inducer 
of apoptosis and prevents MDC1 attraction by S139 phosphorylation thereby down 
regulating DNA repair. The phosphorylation of Y142 is catalysed by the WSTF chroma-
tin-remodeling complex. Phosphorylation of Y142 gradually disappears (mediated by 
Eya phosphatases) if repair is regarded feasible, leading to activation of the γH2AX 
directed repair route 57. Could it be that the polyclonal and monoclonal γH2AX anti- 
bodies differ in reactivity depending on the presence of Y142-P (assuming the density 
of Y142-P to be high in the round spermatid)?
feedback regulation is affected; FSH levels in blood are often elevated (while inhibin B is 
lowered up to undetectable levels). Premature sloughing leads to missing germ cells, 
which could explain the high pachytene/sperm ratios. Furthermore, (large scale) 
sloughing of ‘almost mature spermatids’, which by morphology resemble spermatozoa, 
could explain the immature chromatin state observed in ejaculated spermatozoa of OAT 
males 42,43. The facts/clues described here indicate that Sertoli cells should not be 
underestimated in the pathology of NOA as they likely have a major role in sub-fertility 
because of the many interactions with the germ line. This role is of course also illustrated 
by the secretion of FAS-L 49 and the increased levels of apoptosis in NOA (see the section 
‘prevalence of apoptosis in the human testis’).   
Males are variable in the timing of P1 incorporation, which is related to H3 
eviction.
In chapter 5 it is described that in round spermatids of some men, P1 incorporation 
already starts when a decrease in H3 is not yet observed. Other men only start 
incorporating when H3 is fully evicted from the doughnut. However, men who start 
early with incorporating P1, do not always have the highest numbers of P1 positive 
spermatids. The same is true for fast H3 remodelling probands, this also does not 
guarantee P1 incorporation. Could these differences during early spermiogenesis 
explain the presence of sperm with immature chromatin? As discussed in chapter 5, 
elongating and mature spermatids should be studied to answer this question. 
Additional considerations
Antibody issues
γH2AX
Next to differences between the γH2AX antibodies described above for chapter 3, one 
more situation was found in which the monoclonal and polyclonal antibody did not 
show the same pattern. In laboratory rodents, γH2AX shows a nucleus wide signal 
indicating chromatin remodelling in elongating spermatids 50,51 which was not detected 
in the human. As described in chapter 4, a doughnut-/’cap-like’ structure was discovered 
in round and elongating spermatids, respectively. The presence of the DAPI negative 
‘hole’ excludes a high concentration of DNA in this area. In the discussion of chapter 4 
the ‘hole’ is explained by landing of the acrosomal granule in the middle of an area that 
is characterised by a modified nuclear membrane and underlying chromatin change. 
With the polyclonal antibody a γH2AX signal in the doughnut ‘hole’ and at the cap-like 
structure was detected (figure 3), which could not be confirmed by the monoclonal 
antibody. At first this doughnut signal was regarded to be a-specific, adopting the 
monoclonal antibody as the golden standard. However, several (repair) proteins, a poly-
Figure 3   γH2AX in the ‘doughnut- and cap-like’ structure
A
B
DAPI γH2AX Merge
With the Upstate polyclonal γH2AX antibody a signal was detected in the ‘doughnut’- (A) and ‘cap-like’ 
(B) structure.
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 In this thesis apoptosis was not studied specifically. However, the observations made 
when studying γH2AX L-foci in chapter 3 might have provided a hint for higher levels of 
apoptosis to occur. Of the 7 probands studied in this chapter, two showed a higher 
number of pachytene spermatocytes with overall nuclear γH2AX staining (table 1, figure 5). 
In these spermatocytes SCs often showed signs of degeneration, some more severe than 
others (compare figure 5 A vs B). When studying human spermiogenesis, round spermatids 
were frequently observed (and no obvious relation with increased pachytene sperm ratios 
was noted) while elongating spermatids, mainly those with less compact morphologies 
(type 5-7, chapter 5), were more difficult to find. Is this caused by a short duration of these 
stages of spermatid development or are early elongating spermatids with problems 
quickly eliminated? 
Histone 3.3 
Several experiments were performed to test an antibody (Abcam ab62642) that is 
claimed to recognize H3.3. However, in mouse and human pachytene spermatocytes it 
did not produce the expected signal, among others highlighting the XY body after 
chromatin remodelling in late pachytene spermatocytes of man (chapter 2) and mouse 
1. Instead in both species, it stained constitutive centric heterochromatin (not shown). In 
the mouse, but not in the human, this antibody stained in spread spermatid nuclei the 
acrosome and/or the SAL-PNT region. When applied on pre-S-phase mouse zygotes 
(generated by natural fertilization), according to expectation and contrary to a H3.1/3.2 
specific one, this antibody stained both pronuclei 35. Moreover, staining of a SAL-PNT 
shaped structure that was adjacent to the male pronucleus, was observed (figure 4). 
Excluding cross reactivity and non specific binding (the sperm tail for instance, not 
observed), this might indicate that in the mouse, presumed H3.3 histones are transmitted 
to the zygote via the SAL-PNT. In the human, several histone PTMs were observed at 
presumably the chromatin of the ‘cap-like’ structure (H3K9me2, H4K20me2, γH2AX 
detected by the polyclonal antibody) and also Aurora kinase C (AURKC), which is known 
to phosphorylate S10 and S28 of H3 58. H3K9me2 and H4K20me2 were assumed to play 
a role in anchoring of chromatin to the nuclear lamina with subsequent chromatin 
remodelling. Formally it cannot be excluded that the reported PTMs and AURKC are 
positioned outside the nucleus. In the bull, H3 and H4 were by immuno EM found in the 
post acrosomal peri-nuclear theca and in the manchette 59, most likely in transport for 
degradation to a proteasome. However, staining for histone PTMs in the zygote never 
revealed a signal outside the pronuclei 35. 
Prevalence of apoptosis in the human testis 
Germ cell apoptosis as evaluated by careful histological observation (both IF and EM), 
and FAS and activated caspase positivity, is regularly observed but not abundant in men 
with normal spermatogenesis (around 2/100 Sertoli cells) 44,49,60,61. Death rarely occurred 
in the luminal compartment (spermatogonia) but instead was observed in the adluminal 
compartment i.e. among spermatocytes, round, and early elongating spermatids 44,60. In 
the mouse (adult FVB mice by the TUNEL reaction), a frequency of around 1 (for 
spermatogonia) and 3 (for spermatocytes) per 100 Sertoli cells was given 62 (assuming 
around 12 Sertoli cells per histological cross section). In human males with a complete 
meiotic arrest or hypospermatogenesis phenotype, the frequency increased 44,60,61 
(factor 3-4 for hypospermatogenesis). As introduced above, in many mouse models 
with a reduced meiotic efficiency, metaphase I cells are arresting and dying. In the 
human, this cellular phenotype has not been described. Mouse metaphase I follows 
upon a long diplotene phase. In the human, diplotene hardly exists and metaphase I 
apparently is of short duration. Apoptosis in round spermatids has hardly been 
commented upon in normal mouse spermatogenesis. 
Figure 4   H3.3 in mouse elongating spermatids and zygotes
A
B
DAPI
DAPI
H3.3
H3.3
Merge
MergeNucleosomes
A H3.3 staining was observed in the possibly SAL-PNT region of the spermatids.
B H3.3 staining was observed in both pronuclei and stains an additional structure (arrow) resembling the 
possibly SAL-PNT H3.3 staining in spermatids.
Table 1   Incidence of global γH2AX positivity of pachytene spermatocytes. Patients 
are from chapter 3
Proband % Overall γH2AX staining (n)
C1 0 (65)
C2 1.6 (64)
P1 0 (59)
P2 23.4 (64)
P3 0 (47)
P4 0 (61)
P5 10.3 (58) 
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Delayed recombination
A delay in the processing of recombination intermediates as described in chapter 3 
points at difficulties in repairing SPO11 induced meiotic DNA DSBs. Does this increase 
the risk of mutation, thereby increasing the genetic risk for these children and their 
progeny? To answer this question, one has to know what type of mutation delayed 
processing towards a non-cross-over (or MUS81 cross-over) would lead to. Non 
cross-over sites generally lead to gene conversion events in which a small region of 
non-sister DNA is inserted. Not much is known about the incidence and consequences 
of disturbed gene conversion. But gene conversion events are thought to be involved 
in generating SNPs and segmental duplications 63 which can lead to disease. As 
described in the introduction there are hotspots in the genome for meiotic DNA DSBs 
64. In the human, hotspots are often found near genes but preferably not within the 
protein coding sequence 65. This indicates that gene conversion problems likely do not 
lead to protein changes. In mouse models knock-out for genes that are implicated in 
the processing of complex recombination intermediates, higher levels of γH2AX flares 
are observed as a rule 20,66,67. As DNA sequencing technology is developing so quickly, 
these models are interesting for analysing the genetic aspects of delayed processing of 
complex recombination intermediates. 
Chromatin remodelling
Genetic and epigenetic aspects of chromatin stress in the mammalian male germ line 
have been reviewed in 68. During replacement of nucleosomes by protamines DNA 
repair stops 84. This means a repair-less period for the spermatozoa and unrepaired 
breaks are transmitted to the oocyte upon fertilization. These persisting single and 
double DNA strand breaks in spermatozoa might be problematic in the zygote 84. One 
way to study the presence of these breaks in spermatozoa is by the non-acidic sperm 
chromatin dispersion (SCD) test 69. This test relies on the organized sperm chromatin 
packing in normal spermatozoa: In mouse, the DNA stacked by protamines is attached 
to the nuclear matrix at regular intervals of about 50 kb. When the protamine packing is 
released, the chromatin loops out but remains attached to the nuclear matrix, resulting 
in a sperm nuclear halo 70. DNA breaks are known to alter the sperm nuclear halo, making 
it less regularly shaped and bigger 69. Another more quantitative test also generating 
halo’s is the neutral comet assay. In sperm fractionized by density centrifugation, the 
low density fraction (containing less condensed sperm) shows an increased frequency 
of bigger halos (comet assay) suggesting more variation in loop domain size and DNA 
fragmentation 71. Big and irregular halos show more retention of nuclear matrix proteins 
69 indicative for a different nuclear matrix organisation of which DNA fragmentation 
could be one aspect. In the mouse, it was observed that sperm with an artificially 
damaged nuclear matrix leads to zygotes incapable to develop, because S-phase is not 
initiated 72,73. Abnormal and large loop domains (due to the presence of DNA breaks), 
Genetic and epigenetic risks for the germline and resulting offspring
The ultimate goal of studying spermatogenesis in an ART context would be the assessment 
of genetic and epigenetic risks. We can conclude that compared to mouse, the studied 
chromosome and chromatin related processes occur less uniform in the human, so more 
variation is encountered. For recombination, more damage associated non cross-over 
foci were observed in the patients compared to the control men. However, MSCI and 
chromatin remodelling during spermiogenesis did not occur differently in patients 
compared to controls but showed overall variation. In the mouse, we would expect many 
of the primary spermatocytes with affected MSCI to be eliminated. Why does this not 
occur in the human? In all, does the cytological variation encountered entail an increased 
risk for mutations in the germ line? Below it is discussed in brief how delayed recombination 
and chromatin remodelling could be involved in increasing the mutation risk.
Figure 5   Overall pachytene γH2AX staining
A B
Merge
γH2AX
SCP3
RPA
Late pachytene spermatocytes showing overall γH2AX 
staining. The intensely stained XY body is indicated 
with an arrow. In A the SCs start showing signs (gaps) 
of degeneration, which is obvious in B (arrowheads). 
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mutations induced by delayed non crossing-over events in general do not involve 
exome sequences. 
Concluding remarks
In all processes studied and described in this thesis, variation within and between men 
was observed. Although a formal analysis of variance has not been executed at this 
explorative level, the within proband variation is a striking observation. This could 
underline the variation to arise during the studied processes (first meiotic prophase and 
spermatid development). However, it could also mean that the variation already exists at 
the stem cell stage and between proliferating spermatogonia. Recently, it has been 
reported that the p19Arf tumor suppressor gene is constitutively active in the spermatogonial 
compartment of mice. Ablation of p19Arf gene function leads to problems at late pachytene 
due to affected meiotic recombination, which is characterised among others by the 
accumulation of γH2AX 83. Furthermore, several other studies in mice have shown that 
mis-expression of genes during meiosis due to disturbed MSCI, affects spermiogenesis. 
 Some probands were used in several experiments. For instance, most probands 
used in chapter 3 (not P3) were used in chapter 5 as well. Can their meiotic behaviour be 
reflected by their chromatin remodelling capacity? Unfortunately, the minor differences 
observed in both studies make this impossible. 
 Real qualitative variation between probands was not detected in the studies 
reported here. We have found indications for quantitative differences, e.g. for MSCI, 
γH2AX/RPA marked delayed recombination nodules, intensity of MLH1 signals, and 
chromatin remodelling initiation. 
 In finding out more about the quality of spermatogenesis in NOA men, which is the 
main aim of this thesis, we were ‘hampered’ by the large variation present in every studied 
process. This was the case in patients as well as in control men. However, presence of 
largely the same range of variation in patients and controls can also mean that spermato-
genesis in the NOA males occurs normal (based on this limited number of probands). This 
would be reassuring for the parents and for the children conceived by testicular 
spermatozoa. But... of all spermatozoa generated by their own specific path only one will 
fertilize the oocyte and contribute to an embryo. In the case of normal fertilization or 
maybe IVF, the fittest spermatozoon will fertilize the egg. If natural selection is omitted, as 
is the case with ICSI, how do we know we picked the fittest spermatozoon? Which path 
leads to the most viable spermatozoon? Is there only one path, or is variation allowed? This 
way of thinking leads to two other important questions 1) To what extend does this 
variation translate into a decreased chance for reproduction and 2) will aspects of this 
variation leave a biological footprint in the progeny. These questions are subject of 
continuing research at this department and are of high importance to justify TESE-ICSI 
and ICSI in general to the offspring. 
theoretically lead to insufficient replication start sites upon entering the oocyte. 
Shortness of these replication start sites in addition to DNA repair of the breaks results 
into a lengthening of S-phase. In the IVF-clinic this is called delayed cleavage. In the 
mouse it was shown that fertilizing oocytes with damaged spermatozoa (by irradiation) 
leads to elevated numbers of DNA DSBs (marked by γH2AX) in the zygote 74 and a higher 
incidence of chromosome aberrations at first metaphase 75,76. When the zygote is 
mutagenised at the onset of S-phase, reciprocal translocations were among the resulting 
chromosome aberrations. These originate from chromatid exchanges occurring most 
often in the paternal genome 74. A higher incidence of chromosome aberrations, among 
which translocations, is generally found in ICSI children 77,78. These may well be induced 
by persisting DNA breaks in the spermatozoon. 
 An epigenetic risk for the offspring might be related to incomplete chromatin 
remodelling which leads to higher levels of nucleosome packaged DNA in mature 
spermatozoa. It could be that histone PTMs on these incorrectly retained nucleosomes 
carry epigenetic messages to the zygote and thereby influence development of the 
embryo as was described in the introduction 36, 85. Are there any clues for epigenetic 
effects in children born from testicular spermatozoa? In a recent review seemingly 
minor health effects as a slightly lower birth weight have been described for children 
born from ART techniques in general 79. However, these are known to be associated with 
higher chances for larger effects in later live (cancer, cardiovascular disease, diabetes) 79. 
More specifically, male subfertility can lead to incorrect imprinting of differentially 
methylated regions (DMRs) in the sperm genome 79. The H19 DMR is the best known 
paternally methylated DMR. In the few studies to date, direct transmission of an 
imprinting defect of the spermatozoon to the embryo has only been indicated once 79.
Determining the genetic risk
The comparison of a child’s genome with its parents is an approved method to detect 
de novo mutations 80,81. For instance, by using a 250K SNP array, copy number variations 
generated most likely by non-homologous end joining (NHEJ) or microhomology 
mediated break induced repair (MMBIR) were found more often in children from older 
fathers 81. Also, by using a BAC comparative genome hybridization (CGH) array, in 
children generated from epididymally retrieved spermatozoa and spermatozoa from 
severely oligospermic fathers, a higher incidence of de novo copy number variation 
(mainly losses) was found 82. 
 Higher resolution for studying mutations is provided by next generation sequencing 
(NGS). This is a relatively new and fast sequencing method able to detect single base 
pair mutations, until now generally applied on the exome only 80. It would be very 
interesting to determine the de novo mutation rate in children born from TESE sperm 
and to compare this to the mutation rate in a control group of children born after natural 
conception. It would be most promising to sequence the whole genome as for instance 
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Summary
Since the birth of the first IVF baby, Louise Brown (1978) there have been major 
developments in treatment options for infertile couples with a child wish. An example 
is the direct injection of a spermatozoon into the oocyte (ICSI, intra cytoplasmic sperm 
injection). In the Netherlands ICSI was applied first in 1994. Next to spermatozoa from 
the ejaculate, also surgically retrieved spermatozoa from the epididymis (PESA, 
percutanous sperm aspiration) and the testis (TESE, testicular sperm extraction) are 
used to fertilize the oocyte by ICSI. For the Dutch society these last two options came 
too fast as the knowledge on the safety of the treatment for the offspring was very 
scarce. Therefore, the Dutch professionals (the Dutch Association of Obstetrics and 
Gynaecology (NVOG) and the Association of Clinical Embryologists (KLEM)) banned the 
use of ICSI with surgically retrieved spermatozoa in 1996. Due to expanding insight into 
the safety of the treatment, the use of PESA and TESE sperm for ICSI was permitted by 
the CCMO (Central Committee on Research involving Human subjects) on a limited 
scale in 2000 and 2007 respectively. In both cases under the strict conditions of the 
CCMO, demanding research into the quality of the retrieved spermatozoa and follow-up 
studies of the offspring.
 The research described in this thesis is aimed at increasing the knowledge on sper-
matogenesis (sperm formation) in men eligible for TESE. The majority of these men has 
a non-obstructive azoospermia (NOA), the most severe case of male infertility. NOA 
results from a disturbed spermatogenesis of mostly unknown origin. The rationale 
behind this thesis is that comparing spermatogenesis in NOA males with originally 
fertile males is of importance to obtain an insight into the quality of the spermatozoa. 
 The chapters in this thesis deal with several spermatogenic processes. The choice is 
based on research in the mouse as these processes were shown to provide insight into 
sperm production, combined with the fact that little is known about these topics in the 
human. To study spermatogenesis, in this thesis mainly immunofluorescence staining 
was performed of alkaline spread nuclei from most spermatogenic stages. 
 
Chapter 2 deals with the transcriptional inactivation of X and Y chromatin during 
meiosis in NOA and control men. Research in among others the mouse has shown that 
this inactivation occurs during the pachytene stage of first meiotic prophase. The 
process is called meiotic sex chromosome inactivation (MSCI). MSCI arises and is 
maintained by profound changes in X, Y chromatin. A few of these changes are the 
phosphorylation of the histone (H) variant H2AX (gH2AX) and the replacement of 
H3.1/3.2 containing nucleosomes by H3.3 containing nucleosomes (8 histone molecules 
form a nucleosome). The X and Y chromosomes, connected by crossing-over, form a 
separate inactive chromatin domain, the XY body, in the middle of transcriptionally 
active and paired autosomal chromosomes. In the mouse, disturbed MSCI leads to a low 
Ch
ap
te
r  
7
Su
m
m
ar
y
184 185
The most important findings of our study:
3.1  γH2AX L-foci mostly colocalise with delayed transitional recombination nodules in 
late pachytene spermatocytes for which variation was found among probands. 
3.2  The highest numbers of DNA damage marked transitional recombination nodules 
were found among NOA patients. 
3.3  Patients differed in size and intensity of MLH1 foci at cross-over sites. MLH1 foci 
were less developed in men who showed more frequent γH2AX RPA co-localisa-
tion (delayed transitional nodules of most likely the non cross-over pathway) in late 
pachytene.
3.4 Differences were observed in the staining frequency of a monoclonal and a 
polyclonal gH2AX antibody. 
The presence of damage marked transitional recombination sites indicates problems 
during repair of the DNA double strand break. Problems during repair generate a risk for 
mutation induction. These can subsequently be transmitted to the offspring. Genome 
sequencing of the parent and their child has to be applied to determine whether this 
risk is real.
In chapter 4 human spermiogenesis is studied. During this last phase of spermatogen-
esis the histone and nucleosome based DNA packaging is largely replaced by a 
spermiogenic specific DNA packaging, consisting of protamines. This replacement 
process is an extreme example of chromatin remodelling. In the mouse, around 1% of 
the DNA stays packaged by nucleosomes while this is around 10% in the human. There 
are many clues that chromatin remodelling takes place from the apical (acrosome side) 
to the caudal pole (tail side) of the spermatid. The protamine structure ensures an 
extreme condensation of the DNA in the sperm nucleus. In the human, diminished 
protamination of sperm DNA is related to increasing levels of DNA damage and to 
infertility. In the mouse, but especially in the human, there is only minor knowledge on 
the initiation of chromatin remodelling. 
The most important findings of our study:
4.1 A DAPI intense doughnut-like structure was identified in spread round spermatids 
that metamorphoses towards a cap-like structure in elongating spermatids. 
4.2 Chromatin remodelling initiation occurs at the doughnut-like structure which is 
confirmed by H4 acetylation staining patterns.
4.3 Discriminating histone PTM patterns are found between the doughnut and elsewhere 
in the nucleus.
4.4 The enlargement of the doughnut like structure and transition towards the cap like 
structure follows acrosome development. 
4.5 Pre-protamine 2 processing occurs at the doughnut like structure.
sperm quality resembling that of an oligo-asteno-teratozoospermic (OAT) human male. 
In a recently published study into human MSCI, inactivation of X and Y genes could not 
be demonstrated.
The most important findings of our research into MSCI in the human:
2.1 In XY bodies of human late pachytene spermatocytes, eviction of H3.1/3.2 containing 
nucleosomes is variable, both in control men and in patients.
2.2 At late pachytene, general transcriptional silencing of the XY body is variable as 
determined by immunofluorescence of RNA polymerase II, Cot-1 RNA FISH and 
5-ethynyluridine (EU) incorporation. 
2.3 Variable patterns of histone post translational modifications (PTMs) at the XY body 
of late pachytene spermatocytes were found.
2.4 No H3.1/3.2 eviction occurs at Yqh.
2.5 Late pachytene nuclei with a higher degree of eviction show a decrease in γH2AX 
at the XY body.
These findings indicate that in a large part of human pachytene spermatocytes MSCI is 
incomplete. In the mouse this would lead to cell death and a low sperm quality. In the 
human, cell death of spermatocytes with incompletely silenced XY bodies was not 
indicated. Also, after meiosis round spermatids were found with many H3.1/3.2 containing 
nucleosomes indicating that the spermatocytes survived the meiotic divisions. These 
results indicate that compared with the mouse, humans have a less strict or no quality 
control on MSCI. Could this be an explanation for the variable sperm quality found in 
the human?
In chapter 3 homologous recombination was studied in NOA and control men. This 
process ensures genetic variation in germ cells and in the resulting offspring. DNA 
double strand breaks are of importance for recombination but have to be repaired 
perfectly during crossing-over. Repair of DNA breaks induced at the leptotene stage of 
first meiotic prophase takes place at foci lying on the synaptonemal complex that keeps 
both homologous chromosomes together. Repair foci can be made visible by immuno-
fluorescence staining. Depending on the proteins present and the time point of 
appearance, the foci are called early, transitional or late recombination foci. Crossing-over 
is represented by late foci. At the mouse pachytene stage (all homologous chromosomes 
are synapsed), the DNA breaks that are at the basis of the transitional/late recombination 
foci are repaired as far as they (in most cases) are not noticed anymore by the DNA break 
marker gH2AX. This is not the case in mice mutant for genes involved in recombination. 
Recombination in these mice is hampered and many gH2AX signals are observed 
originating form the synaptonemal complexes. 
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from the range of variation. This reality leads to two important questions 1) To what 
extend does this variation translate into a decreased chance for reproduction and 2) will 
aspects of this variation leave a biological footprint in the progeny. These questions are 
subject of continuing research at this department and are of high importance to justify 
TESE-ICSI and ICSI in general to the offspring.
The findings of this study provide a better insight into chromatin remodelling in human 
spermiogenesis. For the first time it is described that chromatin remodelling follows the 
process of acrosome formation. Studying chromatin remodelling in alkaline spread 
preparations in round and elongating spermatids over several probands will increase 
the insight into spermiogenesis even more.
In chapter 5 the findings from chapter 4 regarding initiation of chromatin remodelling 
at the doughnut-like structure are more deeply investigated in NOA and control males. 
It is known that in OAT males more spermatozoa with an immature chromatin 
composition are found compared to normospermic males. In this study we investigated 
whether these differences can be explained by differences in the initiation of chromatin 
remodelling. We studied the decrease in nucleosomes and histones of the H3 family 
together with the increase in protamine 1.
The most important findings of our study:
5.1  Variation in chromatin remodelling initiation was detected between spermatids 
within men. 
5.2  We found clues for differences in the initiation of chromatin remodelling among 
human males.
5.3  Males are variable in the timing of protamine 1 incorporation, which is not necessarily 
related to the onset of histone 3 eviction.
This study did not provide the tools to relate variation in initiation of chromatin 
remodelling within and between males with sperm heterogeneity. The few control 
males did not differ from patients. It could be that differences in sperm chromatin 
composition between control men and patients become clear at a later time-point 
during spermiogenesis. To investigate this, more elongating spermatids have to be 
analysed. In future studies, more attention has to be given to the incorporation of P2 in 
chromatin as it has been shown that a higher P1/P2 ratio is often seen in subnormal 
spermatogenesis, present in patients attending the fertility clinic.
To conclude
The remarkable variation that was observed in each process studied in this thesis 
applied to both NOA and control males. This variation may originate during the 
processes studied but could also originate from the mitotically dividing spermatogonial 
stem cells and spermatogonia. De presence of largely the same range of variation in 
patients and control males could indicate that spermatogenesis occurs normal in NOA 
males. This would be reassuring for parents and children born after TESE-ICSI treatment. 
However, this cannot be stated so easily as with ICSI natural selection is avoided. Not the 
fittest spermatozoon fertilizes the oocyte but a spermatozoon selected by a person 
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Samenvatting
Sinds de geboorte van de eerste IVF baby, Louise Brown, in 1978 heeft er een enorme 
ontwikkeling plaatsgevonden in behandelingsmogelijkheden voor infertiele stellen/
paren/koppels met een kinderwens. De directe injectie van een zaadcel in de eicel 
(ICSI, intra cytoplasmatische sperma injectie) is hiervan een voorbeeld en werd in 
Nederland voor het eerst toegepast in 1994. Naast zaadcellen uit het ejaculaat worden 
ook chirurgisch verkregen zaadcellen uit de bijbal (PESA: percutane sperma aspiratie) 
en de testis (TESE: testiculaire sperma extractie) gebruikt voor ICSI. Voor de Nederlandse 
samenleving ging deze laatste ontwikkeling sneller dan het inzicht in de veiligheid van 
de behandeling voor de nakomelingen. In 1996 werd daarom het gebruik van chirurgisch 
verkregen zaad voor ICSI verboden door de Nederlandse beroepsgroep (NVOG 
(Nederlandse Vereniging voor Obstetrie en Gynaecologie) en KLEM (Vereniging van 
Klinisch Embryologen)). Door toegenomen inzicht in de veiligheid van de behandeling 
voor de nakomelingen werd in respectievelijk 2000 en 2007 na goedkeuring door de 
CCMO het gebruik van PESA en TESE zaad voor ICSI op een gelimiteerde basis weer 
toegestaan. Beide keren onder de door de CCMO gestelde voorwaarde dat er onderzoek 
gedaan zou worden om meer inzicht in de kwaliteit van het gebruikte zaad te krijgen en 
dat er een goede follow-up van de nakomelingen zou volgen.  
 Het onderzoek beschreven in dit proefschrift is gericht op het vergroten van het 
inzicht in de spermatogenese (de zaadcelvorming) van mannen die in aanmerking 
komen voor TESE. Het merendeel van deze mannen heeft een non-obstructieve 
azoöspermie (NOA). Dit is de ernstigste vorm van mannelijke onvruchtbaarheid, 
toegeschreven aan een verstoorde spermatogenese en meestal met onbekende 
oorzaak. De gedachte achter dit proefschrift is dat kennis over de spermatogenese in 
NOA mannen in vergelijking met van oorsprong fertiele mannen van belang is om de 
kwaliteit van de zaadcel te kunnen beoordelen. 
 De hoofdstukken in dit proefschrift behandelen verschillende processen tijdens de 
spermatogenese. Deze zijn uitgekozen op basis van onderzoek in de muis, omdat ze 
inzicht verschaffen in de zaadcelproductie en omdat er nog niet zo veel over bekend is 
bij de mens. De onderwerpen zijn voornamelijk bestudeerd met immunofluorescentie 
op basisch gespreide kernen van cellen uit verschillende stadia van de spermatogenese. 
In hoofdstuk 2 is gekeken naar het transcriptioneel inactiveren van chromatine van het 
X en Y chromosoom tijdens de meiose in NOA en controle mannen. Uit onderzoek in 
onder andere de muis bleek dat inactivatie gebeurt tijdens het pachyteen stadium van 
de eerste meiotische profase. Dit proces wordt meiotische sex chromosoom inactivatie 
(MSCI) genoemd. MSCI komt tot stand en wordt onderhouden door grote veranderingen 
in het chromatine van de X en Y chromosomen. Enkele van die veranderingen zijn 
markering door de gefosforyleerde histon (H) variant H2AX (gH2AX) en vervanging 
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het tijdstip van verschijnen worden deze aangeduid als vroege, intermediaire of late 
recombinatie foci. Crossing-over wordt gerepresenteerd door de late foci. In muis 
pachyteen (alle homologe chromosomenparen zijn gepaard) is de DNA breuk die ten 
grondslag lag aan de intermediaire/late recombinatie focus al zover gerepareerd dat 
de dubbel strengs DNA breuk merker γH2AX bijna altijd weg is. Dit is niet het geval 
in muizen die mutant zijn voor genen die betrokken zijn bij recombinatie waardoor 
de recombinatie bemoeilijkt is. In deze muizen werden veel γH2AX signalen afkomstig 
vanuit de synaptonemale complexen waargenomen. 
De belangrijkste bevindingen uit onze studie:
3.1  γH2AX signalen in laat pachyteen co-lokaliseren vaak met vertraagde intermediaire 
recombinatie foci. De patiënten varieerden in de hoeveelheid co-lokalisatie. 
3.2  In de NOA patiënten werden de meeste ‘DNA schade’ gemarkeerde intermediaire 
‘recombination sites’ gevonden.
3.3  Patiënten laten verschillen zien in de grootte en intensiteit van MLH1 foci. Minder 
ontwikkelde foci werden gezien in mannen, die in laat pachyteen een hogere 
frequentie van co-lokalisatie lieten zien tussen γH2AX en RPA.
3.4  Er werden verschillen waargenomen in het kleuringspatroon van een monoklonaal 
en een polyklonaal γH2AX antilichaam.  
De aanwezigheid van schade gemarkeerde intermediaire recombinatie sites lijkt te 
duiden op problemen bij het repareren van de DNA breuk via recombinatie. Problemen 
tijdens de reparatie vormen een risico voor het ontstaan van mutaties. Deze kunnen 
vervolgens worden doorgegeven aan het nageslacht. Of dit daadwerkelijk het geval is 
zou door genome sequencing van de ouders en het kind moeten worden aangetoond.
In hoofdstuk 4 is de humane spermiogenese bestudeerd. Tijdens deze laatste fase van 
de spermatogenese wordt de op histonen en nucleosomen gebaseerde DNA verpakking, 
grotendeels vervangen door een spermiogenese specifieke DNA verpakking bestaande 
uit protamines. Dit proces is een extreem voorbeeld van chromatine remodelling. In de 
muis blijft ongeveer 1% van het DNA verpakt in nucleosomen, in de mens is dit rond 
de 10%. Er zijn vele aanwijzingen dat chromatine remodelling verloopt van de apicale 
(acrosoom kant) naar de caudale pool (staart kant) van het spermatide. De protamine 
structuur zorgt voor een extreme condensatie van het DNA in de kern. In de mens is 
verminderde protaminatie in zaadcellen gerelateerd aan verhoging van DNA schade en 
aan infertiliteit. Er is in de muis maar zeker in de mens weinig bekend over de initiatie 
van chromatine remodelling. 
van H3.1/3.2 bevattende nucleosomen door H3.3 bevattende nucleosomen (8 histon 
moleculen vormen een nucleosoom). X en Y, die met elkaar verbonden zijn door 
crossing-over, vormen een apart inactief chromatine domein, het ‘XY body’, temidden 
van transcriptioneel actieve gepaarde autosomale chromosomen. In de muis leidt 
verstoring van MSCI tot een slechte zaadkwaliteit, overeenkomend met die van oligo-
astheno-teratozoospermie (OAT) mannen. In recent gepubliceerd onderzoek naar MSCI 
in de mens kon inactivatie van op de X en Y liggende genen niet worden aangetoond. 
De belangrijkste bevindingen van ons onderzoek naar MSCI in de mens:
2.1  In de mens is vervanging van H3.1/3.2 bevattende nucleosomen door H3.3 bevattende 
nucleosomen in laat pachyteen ‘XY bodies’ variabel, zowel in controle mannen als 
in de NOA patiënten.
2.2  Op basis van immunofluorescentie met RNA polymerase II, Cot-1 RNA FISH en 
5-ethynyluridine (EU) incorporatie is gevonden dat algehele transcriptionele 
uitschakeling van het ‘XY body’ ook variabel is.
2.3  In laat pachyteen ‘XY bodies’ zijn variabele histon post translationele modificatie 
(PTM) patronen aangetroffen. Deze patronen worden gebruikt om (inactief) 
heterochromatine aan te tonen.
2.4  Op het heterochromatine deel van het humane Y chromosoom (Yqh) vindt geen 
vervanging van H3.1/3.2 bevattende nucleosomen plaats. 
2.5  Laat pachyteen kernen met een hogere mate van nucleosoom vervanging op het 
‘XY body’ laten daar een vermindering in γH2AX kleuring zien.
Deze bevindingen duiden erop dat MSCI in de mens in een groot deel van de pachyteen 
spermatocyten niet volledig is. In de muis zou dit tot celsterfte en slechte zaadkwaliteit 
leiden. Celsterfte van spermatocyten met incompleet geïnactiveerde XY bodies was niet 
duidelijk waarneembaar in de mens. Ook werden er na de meiose ronde spermatiden 
met veel H3.1/3.2 op het X chromosoom aangetroffen wat aangeeft dat dergelijke 
spermatocyten de meiotische delingen overleven. Deze resultaten duiden erop dat er 
in vergelijking met de muis in de mens een minder strikte kwaliteitscontrole is op MSCI. 
Zou dit een verklaring kunnen zijn voor de variabele zaadkwaliteit in de mens?    
In hoofdstuk 3 is in NOA en controle mannen gekeken naar homologe recombinatie, 
het proces dat zorgt voor genetische variatie in de geslachtscellen en in de daaruit 
voortkomende nakomelingen. Dubbel strengs DNA breuken zijn van belang voor het 
plaatsvinden van recombinatie, maar na vorming moeten deze perfect gerepareerd 
worden. Reparatie van DNA breuken, geïnduceerd tijdens de leptoteen fase van de 
eerste meiotische profase, vindt plaats in foci die liggen op het synaptonemale complex 
dat de beide homologe chromosomen bij elkaar houdt. De foci zijn zichtbaar te maken 
door middel van immunofluorescentie. Afhankelijk van de aanwezige eiwittypen en 
Ch
ap
te
r  
7
Sa
m
en
va
tt
in
g
192 193
moet er ook meer aandacht besteed worden aan de incorporatie van protamine 2 
omdat is aangetoond dat verminderde inbouw van protamine 2 vaak voor komt bij 
mannen met een subnormale spermatogenese die de IVF kliniek bezoeken.
Afsluiting
Opvallend is de variatie die in ieder proces naar voren komt, zowel in de NOA mannen 
als in de controle mannen. Deze variatie kan ontstaan tijdens de bestudeerde processen 
maar zou ook al in de mitotisch delende spermatogoniale stamcellen en spermatogonia 
kunnen ontstaan. De aanwezigheid van grotendeels dezelfde omvang van de variatie 
in patiënten en controle mannen zou erop kunnen duiden dat de spermatogenese in 
de NOA mannen normaal verloopt. Dit zou een geruststelling kunnen zijn voor ouders 
en kinderen geboren na TESE-ICSI behandeling. Maar zo makkelijk kan dit niet gesteld 
worden omdat bij ICSI het proces van natuurlijke selectie wordt omzeilt. Het is niet de 
‘meest fitte’ zaadcel die de eicel bevrucht maar een zaadcel die door de behandelaar 
gekozen is uit de range van variatie. Twee vragen die nu opkomen zijn ten eerste in 
hoeverre deze variatie de reproductieve slagingskans beïnvloedt en ten tweede of 
deze variatie indirect (negatieve) sporen kan achterlaten in nakomelingen. In vervolg 
onderzoek dat plaatsvindt binnen deze afdeling en in samenwerking met anderen 
wordt getracht meer inzicht te krijgen in deze vragen.
De belangrijkste bevindingen uit onze studie: 
4.1  In gespreide ronde spermatiden werd een DAPI intense donut-achtige structuur 
gevonden die in elongerende spermatiden een soort kap vormde.  
4.2  In de donut-achtige structuur vindt initiatie van chromatine remodelling plaats. 
Deze observatie wordt bevestigd door de geobserveerde H4 acetylatie kleurings 
patronen.
4.3 Onderscheidende histon PTM patronen werden gevonden in de donut in vergelijking 
met de rest van de kern.
4.4  Het groter worden van de donut-achtige structuur en de overgang naar de kap-
achtige structuur volgt de ontwikkeling van het acrosoom. 
4.5  Verwerking van pre-P2 tot P2 vindt plaats in de donut-achtige structuur.
 
De bevindingen uit deze studie geven meer inzicht in het chromatine remodellingsproces 
in de humane spermatogenese. Voor het eerst is beschreven dat chromatine remodelling 
het proces van acrosoom vorming volgt. Het bestuderen van chromatine remodelling 
in basisch gespreide ronde en elongerende spermatiden over meerdere proefpersonen 
zal het inzicht in de spermiogenese nog meer vergroten.
In hoofdstuk 5 worden de bevindingen uit hoofdstuk 4, aangaande initiatie van 
chromatine remodelling in de donut-achtige structuur nader onderzocht in NOA en 
controle mannen. Bekend is dat in OAT mannen meer zaadcellen met een onrijpe 
chromatine compositie worden gevonden dan in normosperme mannen. In dit 
onderzoek wilden we bepalen of deze verschillen verklaard kunnen worden door 
verschillen in de inititatie van de chromatine remodelling. De afname van nucleosomen 
en van histonen van de H3 familie werd bestudeerd samen met de toename van 
protamine 1 (voor H3).  
De belangrijkste bevindingen uit onze studie: 
5.1 Binnen mannen werd variatie in de initiatie van chromatine remodelling aangetoond. 
5.2  Er werden sterke aanwijzingen verkregen voor het bestaan van variatie in de initiatie 
van chromatine remodelling tussen mannen. 
5.3  Mannen zijn variabel in de timing van protamine 1 inbouw (in de hele kern), dit is 
niet altijd gerelateerd aan de start van verlies van H3 (in de donut). 
Deze studie heeft niet het gereedschap opgeleverd om variatie in de initiatie van 
chromatine remodelling binnen en tussen mannen te kunnen relateren aan de heterogene 
kwaliteit van het zaad. In deze nog wat kleine serie verschillen de controle mannen niet 
van de patiënten. Mogelijk dat verschillen tussen controle mannen en patiënten in een 
later tijdstip tijdens de spermiogenese optreden. Om dit te onderzoeken zouden er 
meer elongerende spermatiden geanalyseerd moeten worden. In toekomstig onderzoek 
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